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Description

[0001] This invention relates to packet switching arrangements.

[0002] The term broadband covers a host of new products, technologies, services, and networks. One way to define
broadband networks is to categorize them as those netwoks that support services requiring bit rates well above one
megabits per second. Business and residential subscribers will be connected to broadband networks via a common
access, operating at 150 megabits per second or above, that can handle a range of different broadband service types.
ATM (asynchronous transfer mode) has been chosen as the communication principle on which broadband networks
will be based. A future broadband ISDN (integrated services digital network) will offer the flexibility needed to handle
diverse services ranging from basic telephone service to high speed data transfer, videotelephony, and high quality
television distribution. The key to this flexibility is ATM which carries digital information in special cells. This allows the
network to be used efficiently by applications and services with widely differing bandwidth requirements and call char-
acteristics.

[0003] A growable packet switching arrangement disclosed in a paper by K. Y. Eng et al., entitled "The Growable
Switch Architecture: A Self-Routing Implementation for Large ATM Applications", International Conference on Com-
munications, June 1991, has been proposed for use in ATM applications. In the disclosed arrangement, a partition is
made between a front-end distribution network and a column of output packet switching modules. The outputs are
divided into groups of n lines each. All incoming cells are routed through the front-end distribution network for substan-
tially instantaneous delivery based on their destination output group addresses. As such, the distribution network must
not buffer full cells and must instead perform its routing function for all the cells arriving in each packet time slot Since
the outputs are grouped into n lines each, there are a total of N/n output groups. For each output group, the corre-
sponding output packet switching module has m (m>=n) inputs, meaning that up to m cells can be accepted for that
output group in each time slot. The output packet switching module has buffers for storing full received cells. In an L
x N packet switch, up to L cells can arrive simultaneously for a particular output group so the design range of m is
n<=m<=L. According to the generalized knockout principle, it is possible to pick m<<N to yield an arbitrarily small cell
loss probability that is acceptable for the switching system design, even under the most general traffic assumptions.
The maximum number of cells accepted into each output group is restricted to m; if there are more than m cells destined
to the same output group in a time slot, the excessive cells are simply dropped. Although the general characteristics
of a growable packet switching arrangement are known, the design of such an arrangement with a low cost, high
performance distribution network remains an important problem.

[0004] A high performance, self-routing ATM switch, referred to as a rerouting network (FIG. 39) is disclosed in a
paper by S. Urushidani entitled, "Rerouting Network: A High-Performance Self-Routing Switch for B-ISDN", IEEE Jour-
nal on Selected Areas in Communications, Vol. 9, No. 8, October 1991. Although the Urushidani paper contains no
disclosure, teaching or suggestion concerning growable packet switching arrangements, the performance of the dis-
closed ATM switch is enhanced by a "rerouting" algorithm applied to a particular multistage interconnection algorithm.
The interconnection algorithm offers many access points to the output and resolves output contention by including
buffers at each switching stage. The rerouting network is a multistage interconnection network with more than log,L
switching stages. The stages are interconnected by routing links and bypass links. The algorithm is applied to embed
plural banyan networks within the switch. That is, the partial networks composed of switching elements and routing
links from switching stages 1 to 4, from 2 to 5, and so on are banyan networks, because a single path always exists
between all input-output pairs. Therefore, a cell that fails to take its desired route due to cell contention at a given stage
can restart its routing from the next stage through a banyan network formed in the following log,L stages. This restart
is referred to as "rerouting". On the other hand, the bypass links route the cell, having reached its destination, to the
output line without switching at each switching element. Although the rerouting network has good performance-for
example, relatively low blocking-it is not suitable for use as the distribution network of a growable packet switching
arrangement. One of the key properties of a growable packet switching arrangement is that the nodes of the distribution
network should not be required to buffer full packets. The rerouting network nodes each include sufficient buffers to
store full 53-byte ATM cells for later transmission. Accordingly, the nodes are complex and expensive in sharp distinction
to the distribution network nodes needed in a growable packet switching arrangement.

[0005] In view of the foregoing, a need exists in the art for a growable packet switching arrangement with a low cost,
high performance distribution network.

[0006] According to this invention there is provided a packet switching arrangement as claimed in claim 1.

[0007] In an exemplary growable packet switching arrangement the distribution network blocking probability is sub-
stantially reduced because the network has both switch links and chute links, roughly comparable to the rerouting
network routing links and bypass links, respectively, and the network nodes include both a switching means intercon-
necting successive stage switch links and a plurality of non-switching, chute connection means interconnecting suc-
cessive stage chute links. A network node can transfer a packet, being received on a switch link, to any selected one
of the chute connection means of that node for transmission on a chute link. The network nodes are relatively simple
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and inexpensive because they store only the first few bits needed to route an ATM cell, rather than storing the full 53
bytes for transmission at a later time as in the rerouting network nodes. The blocking probability is further reduced
when the number of chutes per node is increased. The number of chutes may be based, for example, on me number
of switch link inputs per node.

[0008] A packet switching arrangement embodying the invention has L input ports, M intermediate ports and N output
ports, where L, M and N are positive integers greater than two. The arrangement includes a distribution network and
N/n output packet switching modules, where n and N/n are positive integers with N>n>1. The distribution network
switches packets from the L input ports to the M intermediate ports whilst only storing a portion of the full received
packets. The packet switching modules each comprise means for switching packets from a distinct group of m inter-
mediate ports to a distinct group of n output ports, where m is a positive integer with m>n. Each packet switching
module further comprises means for storing full received packets. The distribution network comprises S stages of
nodes. Each node of the first (S-1) node stages comprises an X x Y switching means, where S>3, X>1, and Y>1. The
distribution network further comprises (S-1) link stages interconnecting successive node stages with each link stage
comprising chute links and switch links. The X x Y switching means of each node of the interior (S-2) node stages
receives packets on X switch links and selectively transmits packets on Y switch links. Each such node includes a
plurality of chute connection means each connected to only one chute link of the preceding link stage and to only one
chute link of the following link stage for transmitting a packet, being received from the preceding stage chute link, onto
the following stage chute link. Each such node also includes means for transferring a packet, being received on a
switch link by the X x Y switching means, to any selected one of the chute connection means for transmission on the
following stage chute link.

[0009] lllustratively, X=2, Y=2 and the number of chute connection means of each node of the interior (S-2) node
stages is Xm/n=4. All four of the chute connection means are connected via chute links to only one node of the following
node stage. The selected chute connection means is selected based on the absence of a packet on the preceding
stage chute link. A packet is transferred from the 2 x 2 switching means to a chute connection means based on des-
tination information included in the packet. The transfer is made unless packets are present on the four preceding
stage chute links connected to the four chute connection means.

[0010] The 2 x 2 switching means of each node of the first node stage receives packets from two input ports and
selectively transmits packets on two switch links. The first stage node includes four chute connection means each
connected to only one chute link of the following link stage for transmitting a packet thereon. The first stage node also
includes means for transferring a packet, being received from one of the two input ports, to any selected one of the
four chute connection means for transmission on the following stage chute link.

[0011] Each node of the last node stage includes means for receiving packets on two switch links, and four chute
connection means each connected to only one chute link of the preceding link stage and to only one of the M interme-
diate ports, for transmitting a packet, being received from the preceding stage chute link, to the one intermediate port.
The last stage node also includes means for transferring a packet, being received on a switch link by the receiving
means, to any selected one of the four chute connection means for transmission to the one intermediate port. The
receiving means discards a packet being received on a switch link but not being transferred to a chute connection
means. No packets are discarded by any node of the first (S-1) node stages.

[0012] Thedistribution network includes a number of partitions each associated with a distinct output packet switching
module. Each partion includes all of the network chute links leading to the associated output packet switching module
and all of the network nodes interconnected by those chute links. There are n/X=2 nodes per node stage in a partition.
The (S-1) links stages include global link stages having inter-partition switch links and local link stages having no inter-
partition switch links. The network nodes include global nodes preceding global link stages and local nodes preceding
local link stages. The global nodes route packets in accordance with a first routing method; the local nodes route
packets in accordance with a second routing method.

Drawing Description

[0013]

FIG. 1is adiagram of an exemplary growable packet switching arrangement including a packet distribution network;
FIG. 2 is a diagram of two optical hardware modules included in the arrangement of FIG. 1;

FIGS. 3-4 are diagrams of optical hardware used in a prior art network;

FIG. 5 is a diagram showing the light beams generated by binary phase gratings such as those shown in FIG. 2;
FIG. 6 is a diagram of the topology of the network of FIG. 1;

FIG. 7 is a diagram of the functional elements of one node in the network as shown in FIG. 6;

FIGS. 8-11 are flow charts of the contention resolution method used in global nodes of the network of FIG. 6;
FIGS. 12-15 are flow charts of the contention resolution method used in local nodes of the network of FIG. 6;
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FIG. 16 is a diagram of the network of FIG. 6 illustrating parameters used in modeling network performance;
FIGS. 17-26 are diagrams showing the performance of networks of the type shown in FIG. 6 but having varying
network parameters;

FIGS. 27-36 are diagrams showing the various elements of the node of FIG. 7 in greater detail;

FIG. 37 is a diagram of the prior art, growable packet switching architecture;

FIG. 38 is a diagram illustrating the relation of certain parameters of the architecture of FIG. 37; and

FIG. 39 is a diagram of a prior art network.

General Description

[0014] One specific illustrative embodiment of a growable, packet switching arrangement 10 is shown in FIG. 1.
Arrangement 10 includes a packet distribution network 23 implemented using free-space optics. Packets are received
on 16 inputs by a synchronizer 21 which aligns incoming packets for transmission in packet time slots. The aligned
packets are converted to optical signals by an E/O converter 22 and transmitted by a 4 x 4 fiber cable array 31 to
packet distribution network 23. Network 23 packet switches each incoming packet for transmission on one fiber of an
8 x 4 fiber cable array 32. Network 23 includes a lens 33, seven optical hardware modules OHMO0-OHM®6, and a lens
34. The optical signals transmitted from network 23 are converted back to electrical signals by an O/E converter 24
for transmission to four output packet modules 25-28. The network 23 topology is shown in FIG. 6.

[0015] Network 23 includes seven planar arrays D0-D6 of FET-SEED devices implemented using the technology
disclosed in a paper by T. K. Woodward et al., entitled "Operation of a Fully Integrated GaAs-A1,Ga4_,As FET-SEED:
A Basic Optically Addressed Integrated Circuit", IEEE Photonics Technology Letters, Vol. 4, No. 6, June 1992. The
optical hardware required for two consecutive optical hardware modules OHM2 and OHM3 is shown schematically in
FIG. 2. The linearly polarized light emitted from the laser diode power supply 81 is collimated by the collimation lens
82. The collimated beam is then routed through a pair of Risley prisms 83, 84, which can be rotated to point the beam
to its appropriate location on the device array. This pointed beam is then passed through a spot array grating 85 to
create an array of clock beams that can be used to interrogate the state of each of the windows in the device array
D2. This array of beams is then passed through a quarter wave-plate retarder 86 to convert the light from a linear
polarization state to a circular polarization state. The array of clock beams is then imaged by lens 87 through the
transparent spacings on patterned mirror reflector 88 before being re-collimated by a third lens 89 and re-converted
into a linear polarization state by quarter wave-plate retarder 90. This linear polarized light passes straight through
polarization-sensitive beam splitter 91 before being routed through a quarter wave-plate retarder 92, converting it into
circularly polarized light. The light is then imaged by an objective lens 93, creating clock spots in the windows of device
array D2. Each of these clock spots is modulated (absorbed or reflected) by the device window, and the reflected light
is routed back through objective lens 93 which now re-collimates the light. This re-collimated light is then passed
through quarter wave-plate retarder 92 which converts it back into linear polarized light, but its plane of polarization is
now oriented so that the light is reflected to the right by polarization-sensitive beam splitter 91. The light is then routed
through another set of Risley prisms 94, 95, which can be used to point the beams into the windows of the second
device array D3. The pointed beams then pass through a 1 x 3 binary phase grating 96, which provides a Banyan
interconnection pattern. The output beams from grating 96 are directed into a second polarization-sensitive beam
splitter 191 and reflected up. These beams pass through quarter wave-plate retarder 190, which converts them into
the circular polarization state, and then through lens 189. They are then imaged onto the reflective mirrors on patterned
mirror reflector 188 and reflected back down through lens 189 and then through quarter wave-plate retarder 190 which
converts them back into a linear polarization state. These beams then pass through polarization-sensitive beam-splitter
191 and through quarter wave-plate retarder 192 toward the second objective lens 193. The modulated signal beams
from the first device array D2 are then imaged as spots within the windows of the second device array D3, setting the
digital states of those devices. Note that the only difference between OHM2 and OHM3 is that the period of grating
196 is half that of grating 96. This results in the different interconnection patterns in network 23 (FIG. 6). The INIT,
LOAD and CLK signals are described later herein.

Detailed Description

Background on the Growable Packet Switch Architecture

[0016] The general growable packet switch architecture contains two basic sub-systems: the distribution network
and output packet modules (FIG. 37). These two sub-systems perform very distinct functions. The distribution network
routes each packet to the output packet module that is connected to the packet's desired output port. Thus, if a packet
is destined for output port #0, then the distribution network merely needs to route the packet to any one of the m input
lines connected to output packet module #0, assuming that one of the m input lines is idle. The distribution network
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supports L input ports, and it also supports M=Nm/n intermediate ports (or distribution network output ports) that are
routed to the mxn output packet modules, where L, N, and n are all a power of 2. Each of the output packet modules
has access to n output ports, so a total of K=N/n output packet modules are required. Each output packet module
stores the arriving packets in FIFO queues, and it then routes the packets at the front of each of the m FIFO queues
to their desired output ports. Thus, in addition to providing the FIFO queues, the output packet module also provides
the functionality of a small switching network. The overflow problems associated with the finite-length queues within
the output packet module can be analyzed to determine satisfactory queue lengths based on the traffic load.

[0017] An interesting feature of the growable packet switch is the manner in which it provides arbitration and con-
tention resolution between multiple packets that are destined for the same output port. Arbitration determines which
of the input packets is given priority when contention exists, and those packets which are not able to be instantly routed
to their desired output are buffered at FIFO queues in the output packet modules so that they can then be transmitted
by the output packet module to their desired output port at a later time. The Knockout Principle is the contention res-
olution scheme used in the growable packet switch, and it takes advantage of the statistical nature of packet traffic to
determine the number of queues that must be associated with each output port to yield desired operating characteristics.
According to the generalized Knockout Principle, if the arriving packets on different input lines are statistically inde-
pendent, then groups of n output ports can be associated with a single output packet module containing m input lines
and m FIFO queues, and the probability that more than m packets will be simultaneously destined for the n output
ports can be engineered to be very low by selecting an appropriate value of m. (The basic knockout principle is disclosed
in a paper by Y. S. Yeh et al., entitled "The Knockout Switch: A Simple, Modular Architecture for High-Performance
Packet Switching", ISS 87, AT&T Technical Papers. If more than m packets are simultaneously destined for the same
output packet module, then only m of the packets are accepted (loaded into the m FIFO queues), and the rest of the
packets are dropped. Higher level protocols can be used to initiate the re-transmission of dropped packets.

[0018] If the network size (LxN) is large and if p, is the network loading (the probability that a packet arrives on an
input line during a particular packet slot), it can be shown that the probability that a packet is lost within the growable
packet switch is approximately given by:

P(packet loss)=[1-m/(npy)][1- E (npL)¥e ™ /K11 +(npL)™e " /m!  [1)
k=0

For example, if the switch is 90 percent loaded (p =0.9) and if the output packet module has n=8 output ports and
m=32 FIFO queues, then Eq. 1 indicates that a network with large L and N would experience a packet loss probability
of approximately 4x10-13. Eq. 1 also indicates that larger values of n require smaller m/n ratios to produce a particular
packet loss probability. However, larger values of n also require more complicated functionality (and cost) within the
output packet modules. If the minimum acceptable packet loss probability is defined (somewhat arbitrarily) to be 109,
then the required values of m/n are illustrated in FIG. 38 as a function of n. For most applications, it is sufficient that
the exemplary growable packet switching arrangements herein have a probability of packet loss less than the square
root of the expression of Eq. 1.

Interconnections Based on Free-Space Digital Optics

[0019] The interconnections between devices in the growable packet switch can be provided using free-space digital
optics. A very simple arrangement of optical components that can provide many useful interconnection patterns with
low power loss is shown in FIG. 3. This arrangement is based on a simple 2-lens, infinite conjugate, telecentric imaging
system set up to provide 4f imaging. However, a binary phase grating (diffractive hologram) has been added at the
pupil plane between the two imaging lenses to provide the necessary beam-steering operations. Changes in the pe-
riodic structure of the grating can diffract different amounts of optical power from the original beam into different spots
in the output image plane. The grating in FIG. 4 routes each input beam to three spots in the output image plane. This
arrangement of hardware (FIG. 4) was proposed for use in a multistage interconnection network known as the Trimmed
Inverse Augmented Data Manipulator (TIADM) network disclosed in a paper by T. J. Cloonan et al., entitled "Optical
Implementation and Performance of One-Dimensional and Two-Dimensional Trimmed Inverse Augmented Data Ma-
nipulator Networks for Multiprocessor Computer Systems", Optical Engineering, April 1989, Vol. 28, No. 4, pp. 305-314.
If some of the beams in the TIADM network (light-colored links in FIG. 5) are blocked, then the connections for the
Banyan network are provided by the remaining dark-colored links. A 2D-to-3D conversion of this interconnection pattern
is performed to make it usable with planar device arrays. This conversion is described in detail within the literature.

[0020] The techniques used to label the link-stages, the node-stages, and the nodes within a node-stage are illus-
trated in FIG. 5. If the network contains S node-stages, then these node-stages are labeled from 0 to S-1, and the link-
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stage following node-stage i is labeled link-stage i. FIG. 5 also shows the fixed link-stage connections required between
adjacent node-stages. If there are L/2=N/2=Q=29 nodes in each node-stage labeled 0 to Q-1, then the Banyan inter-
connection within link-stage i must provide a connection from every node (U) in node-stage i to two nodes (Z; and Z,)
in node-stage i+1. The Banyan can be described by two node-mapping functions (B and B;") on the address of node
U, where each mapping function describes the connection provided by one of the two output links from node U in node-
stage i to one of the two nodes Z, and Z; in node-stage i+1. In the equation below, the node address U is represented
by a g-bit binary representation (ug.uq_4, ***,Up,u4), and the node address Z, is represented by a g-bit binary represen-

tation (4,241, *** ,Z,24). The mapping from node U to node Z, can therefore be described by the general expression:

- e o Y
(Zq:2q-10 * 122:29)7B; [(UgiUgq, ~*Ugiirg UgipUgaags ~U2,U1)]

g-10 " Ugis1:8 XOR UgjiUg.iq, - Up,Uyg). [2]

where 6 is the output link identifier (6=0 for the straight output link, and 6=1 for the angled output link). One of the two
mappings described by Eq. 2 implements the straight connection to the node directly in line with the source node, while

the other mapping implements the angled connection to a node that is 29--1 node positions away from the source node.

The Chuted-Banyan (Canyan) Distribution Network

[0021] Because the Canyan (Chuted-Banyan) distribution network 23 is used within a growable packet switching
arrangement 10, it is implemented as a synchronous network with all of the arriving fixed-length packets buffered and
synchronized at the input of the network. If the incoming packets are 53-byte ATM packets, the virtual path indicators
(VPIs) used for transmission equipment (or the virtual channel indicators (VCls) used for switching equipment) are
extracted from the 5-byte packet headers and routed through a translation table at the front-end of the network. The
output of the translation table contains a new VPI (VCI) that is over-written on top of the old VPI (VCI). It also contains
the actual destination address of the output port to which the packet is destined, and this information is prepended to
the 53-byte ATM packet As a result of this prepended address, a slight data rate speed-up is required between the
incoming data lines and the links within the Canyan distribution network.

[0022] The network structure of Canyan distribution network 23 is shown in FIG. 6 within growable packet switching
arrangement 10 having L=16 input ports, N=16 output ports, and output packet modules 25-28 with m=8 inputs (FIFO
queues) and n=4 output ports. Thus, growable packet switching arrangement 10 provides K=N/n=4 output packet
modules. Canyan distribution network 23 supports L=16 input ports and M=Nm/n=32 intermediate ports (or network
23 output ports); network 23 provides an effective fanout F=m/n=2. Canyan distribution network 23 contains S=7 node-
stages. The number, S, of distribution network stages is reduced by making (S+1), the number of stages including the
stage of output packet modules, less than [log,(max (L,N))]2/2, the minimum number of stages in a multi-stage sorting
network of 2 x 2 switching means, K. E. Batcher, "Sorting Networks and Their Applications," The Proceedings of AFIPS,
1968. (S+1) is also made greater than log,N so that complete connectivity is achieved between input ports and output
ports. For the remainder of this description, it is assumed that the number of input ports (L) of packet switching ar-
rangement 10 is equal to the number of output ports (N) of arrangement 10.

[0023] Canyan distribution network 23 can be viewed as two distinct sub-networks (the switching sub-network and
the chute-multiplexing sub-network) overlaid on top of one another. As a result, the nodes in FIG. 6, (e.g., 30) are
effectively split into two distinct parts: the switching means 40 (the portion of each node below the dashed line) and
the chute-multiplexing portion 50 (the portion of each node above the dashed line). The switching means of each node
provides the functionality required for the routing of each packet to an appropriate output chute in the chute-multiplexing
sub-network, while the chute-multiplexing portion of each node comprises four chute connection means which merely
transport the packets toward the FIFO queues in the output packet modules 25-28. Because of similarities between
the beam-steering operations required for their link-stage interconnections, both the switching sub-network and the
chute-multiplexing sub-network share the same imaging optics to provide the connections between adjacent node-
stages.

The Switching Sub-Network

[0024] In the Canyan network, the switching sub-network is a standard Banyan network containing 2x2 self-routing
switching means (the lower portion of the nodes in FIGS. 6 and 7). Two packets arriving at the switching means input
ports can be routed on straight paths or on crossed paths to the two switching means output ports. The links connecting
the outputs from the switching means of the nodes in one node-stage to the switching means of the nodes in the next



10

15

20

25

30

35

40

45

50

55

EP 0 590 865 B1

node-stage are referred to herein as switch links and provide a Banyan interconnection pattern (Eq. 2). The Banyan
pattern in an L=N-input Canyan network is repeated after every set of log,(N)-1 link-stages, because full connectivity
is provided after this number of link-stages. Thus, link-stage f will provide the Banyan connections defined by the
mapping functions B0 fmodloga(N-1] @nd B! fmod[loga(N)-1] Where A mod B is defined as the integer remainder of the quo-
tient A/B and the mapping functions are defined in Eq. 2. To identify the link-stage type within a Canyan network, a
network parameter known as the connection variable (V) is defined. In any link-stage i of an N-input Canyan network,
the connection variable for that particular link-stage is defined to be:

V=log,(N)-1-i mod[log,(N)-1] . [3]

The connection variables for each of the link-stages in the Canyan network of FIG. 6 are displayed at the top of the figure.
[0025] If particular packet is destined for an output port emanating from output packet module j, then the goal of the
switching sub-network is to route that packet on the Banyan connections to any node in any node-stage that is in any
horizontal row connected via the straight output chutes to output packet module j. Once the packet has arrived at any
of these desired nodes, then the packet is transferred within the node to the chute-multiplexing portion of the node (the
upper portion of the nodes in FIGS. 6 and 7).

The Chute-Multiplexing Sub-Network

[0026] The chute-multiplexing sub-network is a simple network with Nm/n straight output links, referred to herein as
chute links, interconnecting the chute-multiplexing portion of nodes (the upper portion of the nodes in FIGS. 6 and 7).
If X is the number of switching means inputs per node (in this example, X=2), the Xm/n output chutes leaving the chute-
multiplexing portion of node U in node-stage i are connected directly to the Xm/n inputs on the chute-multiplexing
portion of node U in node-stage i+1, and the Xm/n output chutes leaving the chute-multiplexing portion of node U in
the last node-stage are connected via fiber optic bundles and an O/E converter 24 directly to FIFO queues in the
associated output packet module. The chute-multiplexing portion of node U comprises Xm/n chute connection means.
All of the output chutes require straight link-stage connections, which are provided by the Banyan interconnection
optics of FIG. 4. The chute-multiplexing sub-network permits packets that have arrived at a node in their desired output
row to be multiplexed onto the first available (idle) output chute of the 2m/n output chutes emanating from the node.
Once a packet is routed to an idle output chute, it is transported straight across that output chute from node to node
until it arrives at the FIFO queue in the output packet module. In effect, a packet that is routed to an output chute takes
possession of that chute for the entire packet slot, and no other packets are permitted to use that chute during the
entire packet slot.

A Routing Example

[0027] An example of a packet being routed through Canyan distribution network 23 is shown by bold, solid links in
FIG. 6. This packet is to be routed from input port 11 to output port 5 within growable packet switching arrangement
10. Since output port 5 is attached to output packet module 26, the packet can be routed down any one of the eight
output chutes directed at output packet module 26. These output chutes are numbered 8-15. In link-stage 0 and link-
stage 1, the packet passes through links in the switching sub-network until it arrives at node 3 in node-stage 2. Since
node 3 has output chutes that are connected to output packet module 23, the packet can be transferred to the chute-
multiplexing sub-network and directed to output chute 12. It then passes straight through the remaining stages on
output chute 12, ultimately arriving at one of the FIFO queues in output packet module 26. Output packet module 26
then routes the packet to its destination (output port 5).

[0028] Another path connecting input 11 to output 5 is shown by the bold, dashed links in FIG. 6. This alternate path
would be used by the packet if it were deflected from its desired path in node-stage 0. This deflection could occur as
a result of another packet propagating through the network that is already using the desired path. Once a packet is
deflected, it propagates through a minimum of log,(N/n)+1 link-stages before it can be transferred to the chute-multi-
plexing logic. However, if the Canyan network is designed with a sufficient number of link-stages, then the alternate
paths will typically permit most of the deflected packets to be routed to their desired destinations.

Nodes in the Canyan Distribution Network

[0029] To provide the routing functions described in the previous section, the 2x2 switching means of each node
within the Canyan distribution network performs five basic tasks. These tasks are: 1) recognition of activity on an input
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link, 2) calculation of a packet's desired output link, 3) recognition that a packet can be transferred from the switching
sub-network to the chute-multiplexing sub-network, 4) arbitration of packet contention problems, and 5) routing of the
packets to appropriate output links or to the chute-multiplexing portion of the node. The chute-multiplexing portion of
each node also performs several tasks, including 1) recognition of activity on an input chute, 2) passing of packets
from input chutes to output chutes, 3) multiplexing of a new packet from the switching means of the node onto the first
available output chute, and 4) informing the switching means of the node of the availability (or lack of availability) of
idle output chutes.

[0030] The basic hardware within a single node 30 (FIG. 6) is illustrated in FIG. 7. In switching means 40, two link
inputs (labeled input A and input B) and two output links (labeled output C and output D) are provided in the switching
means of the node. Input link A is assumed to come from the straight link within the Banyan interconnection, and input
link B is assumed to come from the angled link (angled either up or down) within the Banyan interconnection. Output
link C is assumed to go to the straight link within the Banyan interconnection, and output link D is assumed to go to
the angled link (angled either up or down) within the Banyan interconnection. Log,(N/n)+1 of the header bits (described
below) that arrive on an input link are buffered in a log,(N/n)+4 bit shift register 41, 42, and the buffered bits are routed
to the path hunt logic 43 which determines appropriate output links for each of the packets. (Note: The three extra bits
in the shift registers 41, 42 provide sufficient delay for the operations of the path hunt logic 43 to be completed before
the outputs of the shift registers 41, 42 are sent to output multiplexers 44, 45. Output multiplexers 44, 45 route the
packets to their appropriate output links based on the select signals produced by path hunt logic 43. To calculate
appropriate output links for the packets, the path hunt logic is supplied with several pieces of information, including the
destination addresses and the activity bits for the packets on inputs A and B, the node number (to identify when a
packet is in its desired row), the connection variable V (to identify the pivot bit used for routing), and a load signal (to
indicate when the packet header is appropriately latched in the input buffer so that path hunt processing can begin).
The node number and the connection variable can be hard-wired values that would change for each node.

[0031] Path hunt logic 43 also determines if any of the arriving packets should be transferred to chute-multiplexing
portion 50 of the node. To calculate whether a packet should be transferred to an output chute, path hunt logic 43 is
supplied with several pieces of information, including the destination addresses and the activity bits for the packets on
inputs A and B, the node number, the connection variable (V), and a flag indicating if all of the chutes are full, (the flag
being generated by first idle chute locator 54 activity bit). If a packet is transferred into chute-multiplexing portion 50
of the node, path hunt logic 43 generates the appropriate select signals for a transfer multiplexer 46, which routes
packet A or packet B up into chute-multiplexing portion 50. Path hunt logic 43 also sends a chute transfer signal to
output chute selector 55 so that the multiplexer 56, 57 associated with the first available (idle) output chute can be
enabled to receive the transferred packet. First idle chute locator 54 receives a reset pulse to initialize the logic at the
beginning of each packet interval. Chute-multiplexing portion 50 of the node also has logic to pass the packets on the
2m/n incoming chutes to the 2m/n output chutes. Only one flip-flop delay is required for re-timing of bits as they pass
through chute-multiplexing portion 50 of the node in each node-stage. However, an implementation using only one flip-
flop results in different network delays for packets that have entered the chutes in different node-stages, so the logic
associated with the FIFO queues of the output packet modules must be modified to identify the start of a packet (by
locating the activity bit) and load the packet into the FIFO queues as it arrives. Another approach that eliminates this
variable delay would add log,(N/n)+4 bit shift registers to each of the chute input ports, but this scheme increases the
node hardware complexity and increases the required field of view of the optics.

[0032] The logic required for the single node 30 (FIG. 7) is shown in detail in FIGS. 27-36. Assuming single flip-flops
are used for each chute in each node and assuming that simple 2-input logic gates (ANDs, ORs, NANDs, and NORs)
with fanout values less than eight are used within the design, then the resulting design requires a maximum of [(32m/
n)+25log,(N/n)+207] logic gates per node, (2m/n)+2 detectors and (2m/n)+2 modulators. The detectors F1, F4, FIG.
27; F9, FIG. 30; F10, FIG. 32) and modulators (F5, F8, FIG. 29; F11, F12, FIG. 36) are implemented using FET-SEED
technology. FIG. 5 shows a packet format that gives each node within a particular node-stage enough information to
route the packet to the correct node in the next node-stage. Thus, each packet has a header prepended to the raw
data that can be used by the nodes to identify the output port to which the packet is destined. For a growable packet
switch with N output ports, this header contains log,(N)+1 bits, where the first bit of the header field is the activity bit
and the remaining log,(N) bits specify the destination address for the packet- i.e., the packet's desired output port. The
activity bit is a logic one for an active packet and a logic zero for an inactive packet. As discussed later herein, network
nodes are of two types: global and local. The path hunt logic 43 circuitry shown in FIGS. 35 and 36 is for a local node
and implements the routing method of FIGS. 12-15; a global node (not shown) implements the routing method of FIGS.
8-11. The signal INIT is used to preset all of the SR latches in FIG. 28 to known states so that their outputs indicate
that all of the chutes are idle. This INIT signal is asserted on all of the nodes in all of the stages at the beginning of
each packet interval prior to the introduction of packets into the first stage of the network. The LOAD signal is used to
store the values of ACR and BCR (indicating when packet A and B are in the correct row), R(A) and R(B) (indicating
the routing bits for the packets), and AACT and BACT (indicating the activity bits for the packets). These values are
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stored in flip-flops when the header field from the packet has been shifted into the node. The CLK signal is used to
synchronize the data flow within all of the nodes, because it is used to shift bits into the node shift registers.

Packet Routing Algorithm

[0033] To route a packet through the node-stages of a Banyan network, a particular node must first determine if the
incoming packet is active- i.e., if the activity bit is set to a logic one. If so, then the node only needs to compare one
bit of the binary destination address to one bit of the node's own binary address to calculate the appropriate output
link to which the packet should be routed. The bits of interest within the destination address and the node address are
referred to as the destination pivot bit and the node pivot bit, respectively. For a network with L=N inputs, the binary
destination address is represented by (p4.1,P1-2, **,P1,Pg), Where 1=log,(N). The binary node address is similarly rep-
resented by (h4_4,hq_5, -,h4). The destination pivot bit for a packet in node-stage i is then defined to be p,,, where V is
the connection variable (Eq. 3) defined for the link-stage i, which follows node-stage i. The node pivot bit for a node in
node-stage i is similarly defined to be hy,. A routing bit (R) can be calculated for every packet within node-stage i based
on these pivot bits, and the routing bit is given by R=p,, XOR h,. If the routing bit R=0, then the packet is routed to the
straight output link from the node, which provides a connection to the next node-stage defined by the mapping function
B;? (Eqg. 2). If the routing bit R=1, then the packet is routed to the angled output link from the node, which provides a
connection to the next node-stage defined by the mapping function B;! (Eq. 2). As an example, the single packet in
FIG. 5 originating at input 8 and destined for output 5 has a destination address given by p3,p,,p1,pg=0101. The des-
tination pivot bit in node 4 of node-stage 0 is p;=0 and the node pivot bit is h;=1, so the routing bit R=1 and the packet
is routed on the angled output link. The destination pivot bit in node 0 of node-stage 1 is p,=1 and the node pivot bit
is h,=0, so the routing bit R=1 and the packet is again routed on the angled output link. Repeating this algorithm in the
remaining node-stages results in the packet being routed to its desired output port. (Note: For the last stage in FIG. 5,
the value of hj is assumed to be 0, and the "straight" output link is the top output while the "angled" output link is the
bottom output). In FIGS. 27-36, the bits of a packet received on input A are designated by A1 --- A(log,[N/n]) --- and
the bits of a packet received on input B are designated by

B1 -+ B(log,[N/n]) -+ . The bits of the node number are designated by h1 -+ h(log,[N/n]).

Transferring a Packet to the Chute-Multiplexing Sub-Network

[0034] Within Canyan distribution network 23, a node determines when a packet should be transferred from the
switching sub-network to the chute-multiplexing sub-network by examining the most-significant log,(N/n) bits of the
destination address. If these bits match the binary address of the output packet module (00, 01, 10 or 11) to which the
node is connected, then they will also match the most-significant log,(N/n) bits of the node address, and the node will
transfer the packet to an available chute within the chute-multiplexing sub-network (if an available chute exists). This
is shown in the Canyan distribution network 23 of FIG. 6, where N=16 and n=4. The two most-significant bits of the
packet destination address (p3,p,,p1,pg=0101) match the two most-significant bits of node 011 (node 3) when the
packet passes through node-stage 2, and they also match the binary address of the desired output packet module
(module 01) to which that node is connected.

Contention Resolution: Packet Blocking, and Packet Deflection

[0035] In a growable packet switch arrangement with a Canyan distribution network, there are several reasons why
a packet may be kept from propagating along its desired path. These reasons can be classified into two categories:
packet deflection and packet blocking. Packet deflection and packet blocking are different, because a deflected packet
is merely re-routed along a sub-optimal path, but it still has a chance of being routed to its desired output port. However,
a packet that has been blocked has no way to reach its desired output within the current packet slot.

[0036] Packet deflection will occur within the switching sub-network for two reasons. First, if two packets arrive at a
node and attempt to use the same link emanating from that node, then only one packet can be routed on the desired
link, and the other packet is deflected and re-routed on the second unused link. Packet deflection can occur in a second
way if packet arrives at a node connected to its desired output packet module and finds that all of the 2m/n output
chutes for that node are already occupied by other packets. Since the packet cannot be transferred to the chute-
multiplexing network within that node, it must be deflected and re-routed out on the Banyan links to try to find vacant
output chutes within another node in a later node-stage.

[0037] Packet blocking can occur within the switching sub-network in several different ways. First, if all of the m
chutes connected to the desired output packet module are already occupied by other packets, then a packet attempting
to reach that output packet module is blocked. This can happen if the desired output packet module is a "hot-spot"
whose outputs have many packets destined for them. Packet blocking can also occur if packet is deflected so many
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times that it is not able to locate a node with an idle output chute before reaching the last node-stage in the switching
sub-network. This second type of packet blocking can occur even if some of the output chutes attached to the desired
output packet module are idle. A third type of packet blocking can occur if a packet is routed to an idle output chute,
but the FIFO queue attached to that output chute is full. This last type of packet blocking is not analyzed herein because
queueing theory models can be used to determine queue lengths that minimize buffer overflows and yield sufficiently
low packet loss probabilities. Infinite-length FIFO queues are assumed herein, so the third type of packet blocking does
not occur.

[0038] The hardware within a node cannot solve the problem of packet blocking, but it can implement a contention
resolution algorithm to determine which packet receives priority when two packets are destined for the same output
link or when a packet tries to enter a set of occupied output chutes. When packet contention arises and the contention
resolution algorithm is used, one of the packets is deflected onto a sub-optimal path within the switching sub-network.
[0039] In a Canyan network, there are two basic types of link-stages created by the partitions of the output packet
modules (global link-stages and local link-stages), and different contention resolution algorithms are applied to these
different types of link-stages. In general, a global link-stage provides connections between nodes that are connected
(via output chutes) to different output packet modules, while a local link-stage provides connections between nodes
that are connected (via output chutes) to the same output packet module. If the connection variable (V) for a particular
link-stage is greater than log,(n)-1, then the link-stage provides global connections. If the connection variable (V) for
a particular link-stage is less than or equal to log,(n)-1, then the link-stage provides local connections. Thus, in the
network of FIG. 6, all of the link-stages with V> 1 provide global connections, while the link-stages with V<1 provide
local connections.

[0040] For convenience, a global node-stage is defined as a node-stage that precedes a global link-stage, and a
local node-stage is defined as a node-stage that precedes a local link-stage. FIGS. 8-11 comprise a flow-chart for the
contention resolution algorithm (routing method) used by a node in a global node-stage, and FIGS. 12-15 comprise a
flow-chart for the contention resolution algorithm (routing method) used by a node in a local node-stage. FIGS. 8-11
indicate that for global node-stages, input A (arriving from the straight link-stage connection) takes precedence over
input B (arriving from the angled link-stage connection). This guarantees that a packet that has arrived at its desired
output row but has been deflected by occupied output chutes will continue to propagate on the straight paths and stay
in that output row until it arrives at the local link-stages. In the local link-stages, the deflected packet is transferred to
another output row associated with its desired output packet module, where an idle output chute in that row is located
(if there is one). FIGS. 12-15 indicate that for local node-stages, input A also takes precedence over input B. If either
packet is deflected due to occupied output chutes, it is always routed on the angled link-stage connection to permit it
to search for an idle output chute in another output row.

[0041] Since different contention resolution algorithms are used in local and global node-stages, the path hunt logic
for nodes in local node-stages is different than the path hunt logic for nodes in global node-stages. Both sets of logic
can be combined if another signal (identifying the type of node-stage) is supplied to each node, but this results in more
complicated node logic. It is assumed herein that two different device array designs are used to provide different path
hunt logic for the two types of node-stages.

Performance Analysis of the Canyan Distribution Network

[0042] Because the structure of the Canyan distribution network is architecturally different from most of the other
networks that have been proposed for use within a packet-switched environment, its operational characteristics are
determined. Three different performance metrics are calculated: the network delay, the network throughput, and the
packet loss probability.

Network Delay

[0043] The delay that a packet encounters as it passes through the Canyan distribution network is dependent on the
node-stage in which the packet is transferred from the switching sub-network to the chute-multiplexing sub-network.
While in the switching sub-network, the packet encounters log,(N/n)+4 bit periods of delay within each node-stage.
Once it is transferred to the chute-multiplexing sub-network, the packet encounters one bit period of delay within each
node-stage. Thus, if a particular Canyan network design requires S node-stages, then the minimum delay within the
network is given by log,(N/n)+4+(S-1) bit periods, while the maximum delay is given by (S-1)[log,(N/n)+4]+1 bit periods.
These differences in delays require (S-2)[log,(N/n)+3]-bit guard-band intervals to be inserted between adjacent packet
slots, which requires a slight speed-up of the data rates within the distribution network. Differences between different
packets propagating within the network in a given packet slot can then be equalized at the FIFO queues.
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Network Throughput and Packet Loss Probability

[0044] The number of node-stages (S) required for a particular application is typically determined by the network
throughput and the required packet loss probability. Two different analyses were used to study these network charac-
teristics within the Canyan distribution network: a computer simulation and an analytical model based on a Markov
chain.

[0045] The analytical model was based on an approach in which the packet load in node-stage i is determined using
the packet load in node-stage i-1. Thus, if the packet load entering the switch at node-stage 0 is known, then the packet
load at any node-stage within the switch can be subsequently calculated.

[0046] Several assumptions have been made to simplify the Markov analysis. First, the Canyan distribution network
is assumed to support L inputs and (Nm/n) outputs, and each of the (N/n) output packet modules is assumed to support
m inputs and n outputs. Thus, the chute-multiplexing portion of each switching node has C=(2m/n) output chutes. The
packets arriving at the network inputs are assumed to be synchronous, and the arriving packets are assumed to be
random and independent. The destinations for the packets are also assumed to be uniformly distributed over all N of
the output ports emanating from the output packet modules.

[0047] For any packet within node-stage i of the Canyan distribution network, a feature known as the hop distance
D is defined to be the number of global link-stages through which a packet must pass before it arrives in a node-stage
where it could be transferred to one of its desired output chutes. The hop distance D for a packet passing through the
Canyan distribution network will remain unchanged from the input of node-stage i to the output of link-stage i. Thus,
the hop distance D is assumed to change at the interface between link-stage i and node-stage i+1. For a packet entering
node-stage 0 of a Canyan network, the hop distance D is given by some value between 0 and X=log,(N/n). Whenever
a packet is routed along one of its desired global link-stage connections, its hop distance is decreased by one as it
passes through the interface between the link-stage and the next node-stage. If deflected in a global link-stage, the
hop distance is always reset to D=X+1=log,(N/n)+1. Whenever a packet's hop distance reaches zero, it can be trans-
ferred to an idle output chute (if one exists). If an idle output chute does not exist, then the packet's hop distance is
set to D=-1 (indicating that its hop distance is actually zero, but it has been deflected by occupied output chutes and
has no chance of being transferred to an output chute until it changes rows in a local link-stage). Thus, it is not possible
to have a hop distance of zero in a global link-stage. When a packet with a hop distance of D=-1 moves into a local
node-stage, its hop distance can be changed back to zero if it is sent out on the angled link. For all hop distances
greater than zero, the hop distance for a particular packet is never changed when the packet has passed through a
local link-stage. Thus, for packets in any link-stage of the Canyan network, the possible hop distance values will always
fall in the range from -1 to X+1=log,(N/n)+1. The hop distances for several packets propagating through the stages of
a Canyan distribution network are illustrated in FIG. 16. The hop distance of a packet is merely a logical feature that
is useful in the Markov performance analysis. The actual node hardware of FIG. 7 does not explicitly use the hop
distance to determine the required path for the propagating packets, and the hop distance is never explicitly carried
within the header field of the packets. Thus, the hop distances shown in the packet headers of FIG. 16 are merely
logical values that can always be determined from a knowledge of the packet's destination address and the node
number and the connection variable for the node in which the packet resides.

[0048] For the analysis of the throughput and packet loss probabilities, the offered load to the network (the average
fraction of input ports with active packets during a given packet slot) is defined as p,, where 0<p <1. Y(D,i) represents
the state that a packet is in when it is in a link in link-stage i with a hop distance of D (-1<D<X+1=log,(N/n)+1); Z(R,i)
represents the state that a packet is in when it is in output chute R in link-stage i (0<R<C-1=(2m/n)-1). Thus, there are
X+C+2=log,(N/n)+(2m/n)+2 different states in which a packet can exist in a particular link-stage. P[Y(D,i)] represents
the probability that packets are in a link in link-stage i with a hop distance of D, and P[Z(R,i)] represents the probability
that packets are in a chute in link-stage i and that the chute has the chute number R. From the definitions above, it
follows that the following relation is satisfied for every stage i within the Canyan network:

X+1 C-1
pL= Y P[Y(D,i)]+ ¥ P[Z(R,i)] (4]
D=-1} R=0

In addition, in any stage i, the percentage of all L possible input packets that have been routed to one of their desired
output chutes (the network throughput or carried load) is given by:

11



10

15

20

25

30

35

40

45

50

55

EP 0 590 865 B1

throughput= 3 PIZ(R,i)] (5]
R=0

and the percentage of all L possible input packets that have not yet been routed to one of their desired output chutes
is given by 1-(throughput). Thus, if a Canyan distribution network is designed with exactly S node-stages, then the
packet loss probability for the distribution network is given by:

C-1
P[packet loss]=(1- Y, PIZ(R,S)])/pL [6]
R=0

[0049] Initial conditions for the Markov analysis can be determined by examining the packets before they actually
enter the Canyan network. It can be shown that for a packet entering the first node-stage of a Canyan network (which
is therefore in link-stage -1), the probability that the packet has a hop distance of D (-1<D<X+1=log,(N/n)+1) is given by:

PIY(-1,-1)]=0, for D=-1 [7)
PIY(0,-1)]=n/N,  for D=0
PIY(D,-1)]=2""N,  for 1<D<X=log,(N/n)

PLY(X+1,-1)]=0, for D=X+1=log,(N/n)+1
In addition, the chutes are initially empty in link-stage -1, so it follows that
P[Z(R,-1)]=0, for 0<R<C-1=(2m/n)-1 [8]

[0050] For the Markov chain model, a packet in a particular state in link-stage i-1 will always transition to one of the
X+C+2=log,(N/n)+(2m/n)+2 states in link-stage i. We must therefore define the transition probabilities (or conditional
probabilities) that take a packet from one state in link-stage i-1 to another state in link-stage i. For example, the transition
probability P Y(3,i)/Y(4,i-1)] defines the transition probability that a packet in link-stage i-1 with a hop distance of D=4
will eventually have a hop distance of D=3 when it passes through link-stage i. Stated another way, P[Y(3,i)/Y(4,i-1)]
gives the probability that a packet will have a hop distance of D=3 in link-stage i given that the packet had a hop distance
of D=4 in link-stage i-1. Based on the definition of the transition probabilities, the following relation must be satisfied
for any state Y(E,i-1) in link-stage i-1:

5 PLY(D,i)/Y(E,i-1)+ 3 PIZ(R.i)/Y(E,i-1)=1.0 9]
D=-1 R=0

where E is the hop distance ranging from -1 to X+1=log,(N/n)+1. The following relation must be satisfied for any state
Z(F,i-1) in link-stage i-1:
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S PIY(D.i)/Z(Fi-1)+ T PIZ(RAVZ(F.i-1)=1.0 [10]
D=-1 R=0

where F is the chute number ranging from 0 to C-1=(2m/n)-1. Eq. 7 and Eq. 8 merely state that a packet in a particular
state in link-stage i-1 must transition (with probability 1.0) to one of the states in link-stage i.

[0051] Once all of the transition probabilities have been determined, the probability of being in a particular state in
link-stage i is determined from the probabilities of being in each of the possible states in link-stage i-1 and from the
associated transition probabilities. In particular, the probability of being in state Y(E,i) in link-stage i is calculated using
the theorem of total probability:

PIY(ED)]= 3 PIY(D,i-1)] P[Y(E.i)/Y(D.i-1)]+
=-1

c-1
Y PI(Z(R,i-1)] PIY(E,i)/Z(R,i-1)] [11]
R=0
The probability of being in state Z(F,i) in link-stage i is also calculated using the theorem of total probability:

P[Z(F,i)]= xil P[Y(D,i-1)] P[Z(F,i)/Y(D,i-1)]+
=-1

S PrzR .- 1)] PIZ(EAVZR,i-1)] [12]
R=0

[0052] The transition probabilities describe an event that occurs at the interface between link-stage i-1 and node-
stage i (as shown in FIG. 16). The values for these transition probabilities are very dependent on the type of link-stages
(global or local) that precede and follow node-stage i. In addition, another set of transition probabilities is defined for
the first node-stage which is preceded by the network inputs. Thus, there are five different types of node-stages for
which transition probabilities are defined: node-stages preceded by network inputs and followed by a global link-stage
(input-global node-stages); node-stages preceded by a global link-stage and followed by a global link-stage (global-
global node-stages); node-stages preceded by a global link-stage and followed by a local link-stage (global-local node-
stages); node-stages preceded by a local link-stage and followed by a local link-stage (local-local node-stages); and
node-stages preceded by a local link-stage and followed by a global link-stage (local-global node-stages).

[0053] To simplify the Markov analysis, another useful packet state known as Z,(i) is defined for link-stage i as the
union of all of the different states in which a packet is in an output chute. Thus, it follows that the probability of being
in state Z,(i) is given by:

c-1
P[Z: (D)1= ¥ P[(Z(R,i)] [13]
R=0

Once P[Z,(i)] has been determined (using the transition probabilities below), the values for P[Z(R,i)] can then be
determined for each value of R (0<R<C-1). To do this, it is assumed that the chutes are filled in ascending order, so
the first packet sent into the chutes in a particular row goes into chute R=0, and the second packet goes into chute
R=1, etc. Given this assumption, it can be shown that:
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P[Z(0,i)]=P[Z(0,i-1)]+P[Zix (1)]{1-P[Z(0,i~1)}},  for R=0,

P[Z(R,i)]=P[Z(R,i-1)]+

R-1
P{Z (i)] [T Pl(Z(k,i-1)]1{1-P[Z(R,i-1)]¢, for 0SRSC-2,
k=0

P[Z(C-1,i)}=P[Z(C~-1,i-1)]+
P[Z (1)) CI:IZPI(Z(k'i- DI, for R=C-1. [14)
k=0

These formulae indicate that the increase in the probability of chute R being occupied by a packet is directly proportional
to 1) the probability that packets are being routed to the chutes (P[Z,1(i)]), 2) the probability that all of the chutes with
values less than R are occupied

R~1
(ITP[Z(k,i-1)]),
k=0

and 3) the probability that chute R is idle (1-P[Z(R,i-1)]). The third term is not needed for the last chute, because the
transition probabilities described below do not increase the value of P[Z(i)] if the last chute is already occupied.
[0054] Given the background information described above, formulae are developed for all of the transition probabil-
ities within the Canyan distribution network. The non-zero transition probabilities for each of the five aforementioned
node-stage types are described in detail below.

Input-Global Node-Stages.

[0055] There are four non-zero transition probabilities that exist for input-global node-stages.

P[Y(D,0)/Y(D,-1)], for 1<D<X in Input-Global Node-Stages.

[0056] Assume packet #1 arrives at a node in node-stage 0 with 1<D<X. Its hop distance remains unaltered if any
one of the following conditions is true:

1. Packet #1 is the only packet entering the node:
X+1
probability=1- ¥, P[Y(D,—-1)].
=0

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, and no contention occurs for an
output link:

X+1
probability=(0.5) ¥, P[Y(k,~1)].
k=1
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3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, contention occurs for an output
link, and packet #1 wins:

X+1
probability=(0.5)0.5) 3 PLY(k,~1)].
k=1

4. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0 (so packet #2 is transferred to an
output chute and packet #1 is routed to its desired output link):

probability=P[Y(0,-1)].

Since these four conditions are mutually exclusive, the total transition probability is merely given by the sum of the four
probabilities described above.

P[Y(X+1,0)/Y(D,-1)], for 1<D<X in Input-Global Node-States.

[0057] Assume packet #1 arrives at a node in node-stage 0 with 1<D<X. It is deflected and its hop distance is reset
to X+1 if the following condition is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, contention occurs for an output
link, and packet #1 loses:

X+1
probability=(0.5)(0.5) i P{Y(k,~- 1)}
k=1

P[Z;,+(0)/Y(0,-1)], for D=0 in Input-Global Node-Stages.

[0058] Assume packet#1 arrives at a node in node-stage 0 with D=0. It is transferred to an output chute if the following
condition is true:

1. Packet #1 is the only packet entering the node:

X+1
probability=1- 3 P[Y(k,—1)].
=0

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, so packet #2 is routed to its
desired output link and packet #1 is transferred to an output chute:

X+1
probability= ¥, P{Y(k,~1)].

+
k=1

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, contention occurs for an output
chute, and packet #1 wins:
probability=(0.5)P[Y(0,-1)].

The total transition probability is given by the sum of these three probabilities.
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P[Y(-1,0)/Y(0,-1)], for D=0 in Input-Global Node-Stages.

[0059] Assume packet #1 arrives at a node in node-stage 0 with D=0. It is deflected and its hop distance is reset to
X+1 if the following condition is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, contention occurs for an output
chute, and packet #1 loses:

probability=(0.5)P[Y(0,-1)]

Global-Global Node-Stages.

[0060] There are eight non-zero transition probabilities that exist for global-global node-stages.

P[Y(D-1,i)/Y(D,i-1)], for 3<D<X+1 in Global-Global Node-Stages.

[0061] Assume packet #1 arrives at a node in node-stage i with 3<D<X+1. Its hop distance is then decremented by
one if any one of the following conditions is true:

1. Packet #1 is the only packet entering the node:

X
probability=1-P[Y(-1,i-1)]- f;l PlY(k,i-1)].
k=1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>2, and no contention occurs for an
output link:

X+1
probability=(0.5) 3} P[Y(k,i-1)].
k=2

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>2, contention occurs for an output
link, and packet #1 wins:

X+1
probability=(0.5%0.5) ¥, P[Y(k,i-1)].
k=2

4. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, packet #2 is deflected to the
straight link because all of the output chutes (including chute C-1) are already occupied, and packet #1 wanted to
use the cross link:

probability=(0.5)P[Y(1,i-1)]P[Z(C-1,i-1)].

5. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, and packet #2 is transferred to
the output chutes because there is an idle one available, so packet #1 can be routed to its desired output link:

probability=P[Y(1,i-1)][1-P[Z(C-1,i-1)]].

6. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), and packet #1 wanted to use the cross link:
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probability=(0.5)P[Y(-1,i-1)]

The total transition probability is given by the sum of the six probabilities described above.

P[Y(X+1,i)/Y(D,i-1)], for 3<D<X+1 in Global-Global Node-Stages.

[0062] Assume packet#1 arrives at a node in node-stage i with 3<D<X+1. It is deflected and its hop distance is reset
to X+1 if the any one of the following conditions is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>2, contention occurs for an output
link, and packet #1 loses:

X+1
probability=(0.5)0.5) ¥, P[Y(k,i—1)].
k=2

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, packet #2 is deflected to the
straight link because all of the output chutes (including chute C-1) are already occupied, and packet #1 wanted to
use the straight link:

probability=(0.5)P[Y(1,i-1)]P[Z(C-1,i-1)].

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), and packet #1 wanted to use the straight link:

probability=(0.5)P[Y(-1,i-1)]

The total transition probability is given by the sum of the three probabilities described above.

P[Y(1,i)/Y(2,i-1)], for D = 2 in Global-Global Node-Stages.

[0063] Assume packet #1 arrives at a node in node-stage i with D=2. Its hop distance is then decremented to D=1
and it is routed out on its desired cross link if any one of the following conditions is true:

1. Packet #1 is the only packet entering the node:

probability=1-P(Y(-Li-}- 3 P[Y(k.i-1)].
k=1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=3, and no contention occurs for an
output link (indicating packet #2 wanted the straight link):

X
probability=(0.5) il P{Y(k,i—1)].
k=3

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>3, contention occurs for the cross
link, and packet #1 wins:
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X
probability=(0.5)(0.5)" z’ PLY (k,i-1)].

+
k=3

4. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=2 (indicating packet #2 is also
destined for the cross link), contention always occurs, and packet #1 wins:

probability=(0.5)P[Y(2,i-1)]

5. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, packet #2 is deflected to the
straight link because all of the output chutes (including chute C-1) are already occupied, so packet #1 can use its
desired cross link:

probability=P[Y(1,i-1)]P[Z(C-1,i-1)].

6. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, and packet #2 is transferred to
the output chutes because there is an idle one available, so packet #1 can be routed to its desired cross link:

probability=P[Y(1,i-1)][1-P[Z(C-1,i-1)]].

7. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), so packet #1 can be routed to its desired cross link:

probability=P[Y(-1,i-1)]

The total transition probability is given by the sum of these seven probabilities.

P[Y(X+1,i)/Y(2,i-1)], for D=2 in Global-Global Node-Stages.

[0064] Assume packet #1 arrives at a node in node-stage i with D=2. It is deflected and its hop distance is reset to
X+1 if any one of the following conditions is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>3, contention occurs for the cross
link, and packet #1 loses:

probability=(0.5)(0.5)’(2;l P[Y(k,i-1)].

+
k=3

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=2 (indicating packet #2 is also
destined for the cross link), contention always occurs, and packet #1 loses:

probability=(0.5)P[Y(2,i-1)]

The total transition probability is given by the sum of these two probabilities.

PLY(-1,i)/[Y(1,i-1)], for D=1 in Global-Global Node-Stages.

[0065] Assume packet#1 arrives at a node in node-stage i with D=1. (Note: It is not possible for two packets to arrive
at a node with D=1 for both packets, because both packets would have to arrive on the cross path). It is deflected to
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the straight path and its hop distance is set to -1 if any one of the following conditions is true:

1. Packet #1 is the only packet entering the node, and packet #1 is deflected to the straight link because all of the
output chutes (including chute C-1) are already occupied:

probability=41-P[Y(~1,i-1)]/P[Z(C-1,i-1)]-P[Y(0,i- 1)]—xi1P[Y(k,i- 1]
k=2

P[Z(C-1,i-1)}.

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>0, and packet #1 is deflected to the
straight link because all of the output chutes (including chute C-1) are already occupied:

probability={P[Y(0,i= )]+ 3 P[Y(k,i~1)]} PZ(C-1i-1)].
k=2

The total transition probability is given by the sum of these two probabilities.

PLY(X+1,i)/¥(1,i-1)], for D=1 in Global-Global Node-Stages.

[0066] Assume packet #1 arrives at a node in node-stage i with D=1. It is deflected and its hop distance is reset to
X+1 if the following condition is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), so packet #1 is deflected to the cross link because all of the output chutes
(including chute C-1) are obviously already occupied:

probability=P[Y(-1,i-1)]

P[Z:0+(0)/Y(1,i-1)], for D=1 in Global-Global Node-Stages.

[0067] Assume packet #1 arrives at a node in node-stage i with D=1. It is transferred to an output chute if any one
of the following conditions is true:

1. Packet #1 is the only packet entering the node and packet #1 is transferred to the output chutes because there
is an idle one available (Note: It is not possible for there to be an idle output chute in a node and for a packet to
arrive at that node with

D=-1):

» X+1
probability=11-P[Y(0,i-1)]- i‘. PLY(k,i-1)]p {1-P[Z(C—-1,i-1)]1-
k=2

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>0, so packet #2 is routed to its
desired output link and packet #1 is transferred to an idle output chute:

X+1
probability={P[Y(0,i-1)]+ 3 P[Y(k.i-1)1} {1-PIz(C-1,i-1)]}.
k=2
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The total transition probability is given by the sum of these two probabilities.

P[Y(-1,i)/Y(-1,i-1)], for D=-1 in Global-Global Node-Stages.

[0068] Assume packet #1 arrives at a node in node-stage i with D=-1 (indicating it arrives on the straight input link).
It is passed through to the straight output link and its hop distance remains at D=-1 because the straight input always
has priority:

probability=1.

Global-Local Node-Stages.

[0069] There are five non-zero transition probabilities that exist for global-local node-stages.

P[Y(D-1,i)/Y(D,i-1)], for 2<D<X+1 in Global-Local Node-Stages.

[0070] Assume packet #1 arrives at a node in node-stage i with 2<D<X+1. Its hop distance is then decremented by
one because it doesn't matter which output link the packets are sent to in the local link-stage that follows:

probability=1.

P[Y(-1,i)/Y(1,i-1)], for D=1 in Global-Local Node-Stages.

[0071] Assume packet #1 arrives at a node in node-stage i with D=1. It is deflected to the straight path and its hop
distance is set to -1 if the following condition is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the cross link within the local link-stage that follows), so packet #1 is deflected to the
straight link because all of the output chutes (including chute C-1) are obviously already occupied:

probability=P[Y(-1,i-1)]

P[Y(0,i)/Y(1,i-1)], for D=1 in Global-Local Node-Stages.

[0072] Assume packet #1 arrives at a node in node-stage i with D=1. It is deflected and its hop distance is reset to
0 (indicating that it is deflected by full chutes in node-stage i, but it has a chance of being transferred to an idle chute
in node-stage i+1) if any one of the following conditions is true:

1. Packet #1 is the only packet entering the node, and packet #1 is deflected to the cross link because all of the
output chutes (including chute C-1) are already occupied:

X
probability={1-P[Y(-1,i-1)]/P[Z(C~1,i~1)]-P[Y(0,i~1)]- }?P[Y(k,b— 1)]
k=2

P{Z(C-1.i-1)].

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0 (it is not possible for packet #2 to
have a hop distance of D=0 or D=1 in this node-stage) and packet #1 is deflected to the cross link because all of
the output chutes (including chute C-1) are already occupied:
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' X+1
probability= P[Y(0,i-1)}+ i PlY(k,i-1)]; P{Z(C-1,i-1)].
k=2

The total transition probability is given by the sum of these two probabilities. P[Z;,4(0)/Y(1,-1)], for D=1 in Global-
Local Node-Stages. -

[0073] Assume packet #1 arrives at a node in node-stage i with D=1. It is transferred to an output chute if any one
of the following conditions is true:

1. Packet #1 is the only packet entering the node and packet #1 is transferred to the output chutes because there
is an idle one available (Note: It is not possible for there to be an idle output chute in a node and for a packet to
arrive at that node with D=-1, and it is also not possible for two packets to arrive at the same node with D=1):

X+1
probability=41-P[Y(0,i~1)]- ¥, P[Y(k,i—-1)]¢ {1-P[Z(C~-1,i—1)]¢.
k=2

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>0, so packet #2 is routed to its
desired output link and packet #1 is transferred to an idle output chute:

X+1
probability={P[¥(0,i- )]+ 3, P[Y(k.i- DI} {1-P[Z(C-1,i~1]}.
k=2

The total transition probability is given by the sum of these two probabilities. P[Y(0,i)/Y(-1,i-1)], for D=-1 in Global-
Local Node-Stages.

[0074] Assume packet #1 arrives at a node in node-stage i with D=-1 (indicating it arrives on the straight input link).
It is passed through to the cross output link and its hop distance is set to 0 if the following condition is true:

[0075] 1. Always, because the straight input always has priority:

probability=1.

Local-Local Node-Stages.

[0076] There are five non-zero transition probabilities that exist for local-local node-stages.

P[Y(D,i)/Y(D,i-1)], for 1<D<X+1 in Local-Local Node-Stages.

[0077] Assume packet#1 arrives ata node in node-stage i with 1<D<X+1. Its hop distance remains unaltered because
it doesn't matter which output link the packets are sent to in the local link-stage that follows: probability=1.

P[Y(-1,i)/¥(0,i-1)], for D=0 in Local-Local Node-Stages.

[0078] Assume packet#1 arrives at a node in node-stage i with D=0 (indicating that it arrives on the cross input link).
It is deflected to the straight path and its hop distance is set to -1 if the following condition is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the cross link within the local link-stage that follows), so packet #1 is deflected to the
straight link because all of the output chutes (including chute C-1) are obviously already occupied:

probability=P[Y(-1,i-1)]
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P[Y(0,i)/Y(0,i-1)], for D=0 in Local-Local Node-Stages.

[0079] Assume packet #1 arrives at a node in node-stage i with D=0. It is deflected and its hop distance is reset to
0 (indicating that it is deflected by full chutes in node-stage i, but it has a chance of being transferred to an idle chute
in node-stage i+1) if any one of the following conditions is true:

1. Packet #1 is the only packet entering the node, and packet #1 is deflected to the cross link because all of the
output chutes (including chute C-1) are already occupied. (Note: It is not possible for two packets to arrive at a
node with D=0):

probability={1-P{Y(~1,i~1))/P[{Z(C~1,i- l)]—xilP[Y(k,i- 1)}
k=1 )

P[Z(C-1,i-1)].

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>0 (it is not possible for packet #2 to
also have a hop distance of D=0 in this node-stage), and packet #1 is deflected to the cross link because all of the
output chutes (including chute C-1) are already occupied:

X+1
probability= 3 PLY (k,i-1)] P[Z(C-1i-1)].
k=1

P[Z,+(0)/Y(0,-1)], for D=0 in Local-Local Node-Stages.

[0080] Assume packet #1 arrives at a node in node-stage i with D=0. It is transferred to an output chute if any one
of the following conditions is true:

1. Packet #1 is the only packet entering the node and packet #1 is transferred to the output chutes because there

is an idle one available (Note: It is not possible for there to be an idle output chute in a node and for a packet to
arrive at that node with D=-1, and it is also not possible for two packets to arrive at the same node with D=0):

X+1
probability=41- ¥, P(Y(k,i~1)]} {1-P[Z(C~1,i~-D)]¢-
k=1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, so packet #2 is routed to its
desired output link and packet #1 is transferred to an idle output chute:

X+1
probability={ ¥ P[Y(k,i—1)]¢ {1-P[Z(C-1,i-1)]¢.
k=1

The total transition probability is given by the sum of these two probabilities.

P[Y(0,i)/Y(-1,i-1)], for D=-1 in Local-Local Node-Stages.

[0081] Assume packet #1 arrives at a node in node-stage i with D=-1 (indicating it arrives on the straight input link).
Itis passed through to the cross output link and its hop distance is set to 0 because the straight input always has priority:

probability=1.
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Local-Global Node-Stages.

[0082] There are eight non-zero transition probabilities that exist for local-global node-stages.

P[Y(D.,i)/Y(D,i-1)], for 2<D<X+1 in Local-Global Node-Stages.

[0083] Assume packet #1 arrives at a node in node-stage i with 2<D<X+1. Its hop distance remains unaltered if any
one of the following conditions is true:
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1. Packet #1 is the only packet entering the node:

X+1
probability=1- ¥, P{Y(k,i—1)].

=-1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, and no contention occurs for an
output link:

X+1
probability=(0.5) 3 P[Y(k,i-1)].
k=1

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, contention occurs for an output
link, and packet #1 wins:

X+1
probability=(0.5)(0.5) 3. P[Y(k,i-1)].
=}

4. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, packet #2 is deflected to the
straight link because all of the output chutes (including chute C-1) are already occupied, and packet #1 wanted to
use the cross link:

probability=(0.5)P[Y(0,i-1)]P[Z(C-1,i-1)].

5. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, and packet #2 is transferred to
the output chutes because there is an idle one available, so packet #1 can be routed to its desired output link:

probability=P[Y(0,i-1)][1-P[Z(C-1,i-1)]].

6. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), and packet #1 wanted to use the cross link:

probability=(0.5)P[Y(-1,i-1)]

The total transition probability is given by the sum of the six probabilities described above.

P[Y(X+1,i)/Y(D,i-1)], for 2<D<X+1 in Local-Global Node-Stages.

[0084] Assume packet #1 arrives at a node in node-stage i with 2<D<X+1. It is deflected and its hop distance is reset
to X+1 if the any one of the following conditions is true:
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1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, contention occurs for an output
link, and packet #1 loses:

probability:(O.S)(O.S)xil P[Y(k,i—-1)].
k=1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, packet #2 is deflected to the
straight link because all of the output chutes (including chute C-1) are already occupied, and packet #1 wanted to
use the straight link:

probability=(0.5)P[Y(0,i-1)]P[Z(C-1,i-1)].

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), and packet #1 wanted to use the straight link:

probability=(0.5)P[Y(-1,i-1)]

The total transition probability is given by the sum of the three probabilities described above.

P[Y(1,i)/Y(1,i-1)], for D=1 in Local-Global Node-Stages.

[0085] Assume packet#1 arrives at a node in node-stage i with D=1. Its hop distance remains at D=1 and it is routed
out on its desired cross link if any one of the following conditions is true:
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1. Packet #1 is the only packet entering the node:

X+l
probability=1- ¥, P[Y(k,-1)].
x=-1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>2, and no contention occurs for an
output link (indicating packet #2 wanted the straight link):

’ X+1
probability=(0.5) 3. P[Y(k,i-1)).

+
k=2

3. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>2, contention occurs for the cross
link, and packet #1 wins:

X+1
probability=(0.5)(0.5) i P[Y(k,i-1)}
k=2

4. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1 (indicating packet #2 is also
destined for the cross link), contention always occurs, and packet #1 wins:

probability=(0.5)P[Y(1,i-1)]

5. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, packet #2 is deflected to the
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straight link because all of the output chutes (including chute C-1) are already occupied, so packet #1 can use its
desired cross link:

probability=P[Y(0,i-1)]P[Z(C-1,i-1)].

6. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=0, and packet #2 is transferred to
the output chutes because there is an idle one available, so packet #1 can be routed to its desired cross link:

probability=P[Y(0,i-1)][1-P[Z(C-1,i-1)]I.

7. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), so packet #1 can be routed to its desired cross link:

probability=P[Y(-1,i-1)]

The total transition probability is given by the sum of these seven probabilities.

P[Y(X+1,i)/Y(1,i-1)], for D=1 in Local-Global Node-Stages.

[0086] Assume packet #1 arrives at a node in node-stage i with D=1. It is deflected and its hop distance is reset to
X+1 if any one of the following conditions is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>2, contention occurs for the cross
link, and packet #1 loses:

’ X+1
probability=(0.5)(0.5) i P[Y(,i-1)].
k=2

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1 (indicating packet #2 is also
destined for the cross link), contention always occurs, and packet #1 loses:

probability=(0.5)P(Y(1,i-1)]

The total transition probability is given by the sum of these two probabilities.

P[Y(-1,i)/¥(0,i-1)], for D=0 in Local-Global Node-Stages.

[0087] Assume packet#1 arrives at a node in node-stage i with D=0. (Note: It is not possible for two packets to arrive
at a node with D=0 for both packets, because both packets would have to arrive on the cross path). It is deflected to
the straight path and its hop distance is set to -1 if any one of the following conditions is true:

1. Packet #1 is the only packet entering the node, and packet #1 is deflected to the straight link because all of the
output chutes (including chute C-1) are already occupied:

X
probability=41-P[{Y(~1,i-1))/P[Z(C-1,i-1)]~ ilP[Y(k.i— 1)]
k=1

P[Z(C-1,i-1)}.

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D>1, and packet #1 is deflected to the
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straight link because all of the output chutes (including chute C-1) are already occupied:

) |
probability={ 3 P(Y (k,i—1)]} PIZ(C-15-1).
k=1

The total transition probability is given by the sum of these two probabilities.

P[Y(X+1,i)/Y(0,i-1)], for D=0 in Local-Global Node-Stages.

[0088] Assume packet #1 arrives at a node in node-stage i with D=0. It is deflected and its hop distance is reset to
X+1 if the following condition is true:

1. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=-1, (indicating it has been deflected
and will continue out on the straight link), so packet #1 is deflected to the cross link because all of the output chutes
(including chute C-1) are obviously already occupied:

probability=P[Y(-1,i-1)]

P[Z:,(0)/Y(0,i-1)], for D=0 in Local-Global Node-Stages.

[0089] Assume packet #1 arrives at a node in node-stage i with D=0. It is transferred to an output chute if any one
of the following conditions is true:

1. Packet #1 is the only packet entering the node, and packet #1 is transferred to the output chutes because there

is an idle one available. (Note: It is not possible for there to be an idle output chute in a node and for a packet to
arrive at that node with D=-1, and it is not possible for two packets to arrive with D=0):

X+1
probability=11- ¥, P{Y(k,i-1)]} {1-P[Z(C~1,i-1)]}.
k=1

2. Packet #1 enters the node with packet #2, packet #2 has a hop distance D=1, so packet #2 is routed to its
desired output link and packet #1 is transferred to an idle output chute:

X+1
probability=4 ¥ P[Y(k,i~1)]¢ {1-P[Z(C-1,i-D]}-
k=1

The total transition probability is given by the sum of these two probabilities.

P[Y(-1,i)/Y(-1,i-1)], for D=-1 in Local-Global Node-Stages.

[0090] Assume packet #1 arrives at a node in node-stage i with D=-1 (indicating it arrives on the straight input link).
It is passed through to the straight output link and its hop distance remains at D=-1 because the straight input always
has priority: probability=1.

Canyan Network Characteristics vs. Network Parameters

[0091] Computer simulations have been used to analyze the operating characteristics (packet loss probability,
throughput, etc.) for Canyan distribution networks with various sizes (LxN), dimensionalities (S, m, and n), and offered
loads (p, ). The results for a network with L=N=256, m=16, n=8, and p; =1.0 are shown in FIGS. 17-18, where the packet
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loss probability and the throughput are plotted as a function of the number of node-stages in the network (S). The
shape of the resulting curves is characteristic of most Canyan networks. As expected, Canyan networks with more
node-stages will typically have lower blocking probabilities and higher throughputs, because the packets are offered
more opportunities to find their way to an available output chute. However, both curves approach asymptotic limits.
For example, regardless of the value of S, the packet loss probability for the particular Canyan network in FIG. 17
never drops below a value of 6.8x104. This limit is the growable packet switch limit of Eq. 1, which predicts that the
lowest possible blocking probability for a growable packet switch with m=16, n=8, and p, =1.0 is approximately 7.9x104,
which is shown as a dashed, horizontal line in FIG. 17. In other words, for uniformly distributed destination addresses,
there is a small probability that some of the output packet modules will have more than m=16 packets destined for
them during some of the packet slots, so some of these packets must be dropped. (Note: It is shown that these as-
ymptotic limits can be modified if the values of m and n are changed).

[0092] Although the simulation results provide useful information for small Canyan networks (L,N<256), simulations
of larger Canyan networks typically require excessive amounts of processing power and computation time. As a result,
the Markov model was used for the analysis of larger networks. To validate this model, the packet loss probability and
the throughput for the network of FIGS. 17-18 (L=N=256, m=16, n=8, and p =1.0) were re-calculated using the Markov
model. The initial conditions defined by Eq. 7 and Eq. 8, Eq. 11 and Eq. 12 and the transition probability equations
described above were used to determine the network throughput and the packet loss probability (Eq. 5 and Eq. 6).
The results are shown in FIGS. 19-20, and it can be seen that the curves in FIGS. 17-18 and FIG. 12 track one another
very closely until the growable packet switch limit is reached. The Markov model does not accurately predict the ex-
istence of this limit, so a hybrid model combining the results of the Markov model and the results of the growable packet
switch limit (Eq. 1) was used to analytically characterize the Canyan network. This hybrid model predicted the actual
packet loss probability to be the maximum of the two packet loss probability values predicted by the Markov model
and the growable packet switch limit. The growable packet switch limit predicted for m=16, n=8, and p, =1.0 is shown
as a dashed, horizontal line in the packet loss probability curve of FIG. 19, and the resulting hybrid model in FIG. 19
tracks quite well with the simulation results of FIG. 17. The region with the largest error occurs at the intersection
between the Markov model curve and the horizontal limit line, and even there, the magnitude of the error is still less
than an order of magnitude. Similar results were observed for many different Canyan networks with various sizes,
dimensionalities, and offered loads.

[0093] Using the hybrid Markov model, the packet loss probabilities for many different Canyan distribution networks
were calculated. As an example, the plots in FIG. 21 indicate how the packet loss probability varies as a function of
network size (N). These plots indicate that the growable packet switch limit remains fixed as N is increased (because
the ratio of m and n remain unaltered), but the Markov model portion of the curves have different shapes and slopes.
In particular, as L and N are increased, the Canyan network requires more node-stages to produce a desired packet
loss probability. This is a result of three effects: 1) more stages are required for full connectivity as L and N are increased,
2) a deflected packet must propagate through more stages to reach its desired output row as L and N are increased,
and 3) there are more ways for packets to deflect one another as L and N are increased.

[0094] Variations in the offered load also have an effect on the performance of Canyan networks. FIG. 22 illustrates
that the same network with different loads will have different growable packet switch limits (higher loads have higher
limits). In addition, networks with higher loads also require more node-stages to produce a desired packet loss prob-
ability, because there are more ways for packets to deflect one another.

[0095] In FIG. 23, the value of m (the number of FIFO queues associated with each of the output packet modules)
is varied, and this only alters the growable packet switch limit. As shown in the figure, higher values of m produce lower
limits and less blocking, because there are more available output chutes providing more access to the output packet
modules.

[0096] FIG. 24 shows that the packet loss probability curves are significantly influenced by changes in the value of
n (the number of output ports associated with each output packet module). As n is increased, the growable packet
switch limit also increases, because on the average, more packets will be homing in on and more contention will exist
for the m FIFO queues associated with a particular output packet module. On the other hand, as n is increased, the
Canyan network requires less node-stages to produce a desired packet loss probability. This is because the average
hop distance is lowered as n is increased, and the number of stages through which a deflected packet must propagate
to reach its desired output row is also decreased as n is increased.

The Compressed-Canyan Distribution Network

[0097] All of the packet loss probability curves for the Canyan distribution networks in the previous section had similar
shapes. An interesting feature within all of these curves is the appearance of multiple plateaus on the otherwise mo-
notonically decreasing plots. In addition, the plateaus appear to be spaced quite evenly. Closer analysis of these plots
indicates that the plateaus occur wherever local link-stages are used in the network. In particular, the packet loss
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probability does not seem to be significantly decreased by the inclusion of many of the local link-stages. This should
be expected, because local link-stages are only useful if a packet is deflected by a full set of output chutes in its current
output row. The local link-stage can route the packet to a different output row that is still connected to its desired output
packet module. Having a full set of output chutes in a row is rare, because most practical networks will have relatively
large values of m to maintain a low growable packet switch limit (FIG. 23), so they will also have a fairly large number
of output chutes (2m/n) connected to each node. In addition, it is even more unlikely that the local link-stages will be
used near the input end of the network, because the propagating packets have not yet passed through enough stages
to fill the output chutes.

[0098] Thus the local link-stages can oftentimes be eliminated from the Canyan network design. The resulting net-
work topology typically requires fewer node-stages for a particular packet loss probability, so these networks are called
Compressed-Canyan networks. (Note: If a Canyan network is designed with a small number of output chutes per node,
or if extremely low blocking probabilities are required, or if "hot spots" (popular output packet modules) are expected,
then local link-stages can typically be added near the middle and output end of the network to correct for the problems
associated with full output chutes).

[0099] Unfortunately, all of the local link-stages from a Canyan network cannot be removed to create a useful Com-
pressed-Canyan network. The link-stages to be removed are carefully selected. For example, if a particular Canyan
network is designed with a small number of output chutes per node, or if extremely low blocking probabilities are
required, or if "hot spots" (popular output packet modules) are expected, then local link-stages can typically be added
near the middle and output end of the network to correct for the problems associated with full output chutes. In addition,
it may be necessary to customize the type and number of consecutive local link-stages that are used in each of these
correction regions.

[0100] As an example, the packet loss probability curves for three Compressed-Canyan networks (L=N=64,
L=N=256, and L=N=1024) are illustrated in FIG. 25. Each of the networks has the same network parameters (m=32,
n=8, and p, =1.0), and each of the networks has all of its local link-stages removed. Unfortunately, the problems asso-
ciated with full output chutes become apparent in each of these plots, because the plots level out at packet loss prob-
abilities much higher than those predicted by the growable packet switch limit. To correct for the full output chute
problems in these three networks, local link-stages are added to the networks in strategic locations. The following
iterative mapping rules (Egs. 15-18) were used to determine where and how local link-stages should be added to
improve the networks of FIG. 25.

For link-stage i=0, the connection variable V(0) is given by:

V(0)=log,(N)-1. [19]

For link-stage i, 1<i<log, (N) log, (N/n)/2, the connection variable V(i) is given by:

V(i)=V(i-1)-1, if V(i-1)>log,(n)+1 [16]

V(i)=log, (N)-1, if V(i-1)=log, (n)

For link-stage i=logy(N)log,(N/n)/2, the connection variable V(i) is given by:

V(i)=log,(n)-1. [17]

For link-stage i, i > log, (N) log, (N/n)/2, the connection variable V(i) is given by:

V(i)=V(i-1)-1, if V(i-1)>log,(n)+1 [18]

V(i)=V(i-log,(N/n)-1), if [V(i-1)=log, (n)] AND [V(i-log, (N/n)-1)>1]

V(i)=log,(n)-1, if [V(i-1)=log, (n)] AND [V(i-log, (N/n)-1)=1]
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If these rules are applied to the networks in FIG. 25, new Compressed-Canyan networks with strategic local link-stages
are created. The loss probability curves for the three new Compressed-Canyan networks are illustrated in FIG. 26.
Comparisons between FIG. 21 and FIG. 26 indicate that the use of Compressed-Canyan networks result in substantial
savings in system hardware costs.

[0101] The iterative mapping rules described above were devised using trial-and-error techniques.

Claims

1. A packet switching arrangement (10) having L input ports, M intermediate ports and N output ports, where L, M
and N are positive integers greater than two, said arrangement comprising a distribution network (23) for switching
packets from said L input ports to said M intermediate ports without storing full received packets, N/n output packet
switching modules (25-28), where n, the number of outputs from each output packet switching module, and N/n
are positive integers with N>n>1, each of said output packet modules having means for switching packets from a
distinct group of m of said intermediate ports to a distinct group of n of said output ports, where m is a positive
integer with m>n, and means for storing full received packets; said distribution network having S stages (node
stage 0 to node stage 6) of nodes (30), characterized by

each of said nodes having a buffer (41, 42) adapted to store only a portion of each full received packet in order
to read routing information for that packet as the packet passes through, with each node of at least the first
{S-1} of said node stages comprising an X x Y switching means (44, 45), where S, X and Y are positive integers
with §>3, X>1 and Y>1, and

{S-1} link stages (link stage 0 to link stage 5) interconnecting successive ones of said S node stages, with
each link stage comprising chute links and switch links,

wherein the X x Y switching means of each node of the interior {S-2} of said S node stages is adapted to
receive packets on X switch links and selectively transmit packets on Y switch links, and

said each node of said interior {S-2} node stages comprises

a plurality of chute connection means (51 and 56) each connected to only one chute link of the preceding
link stage and to only one chute link of the following link stage, for transmitting a packet, being received
from said preceding stage chute link, onto said following stage chute link, and

means for transferring a packet (46), being received on a switch link by the X x Y switching means of said
each node of said interior {S-2} node stages, to any selected one of said plurality of chute connection
means for transmission on the following stage chute link,

whereby a packet input on any of the L inputs of the arrangement is input to a node of a first stage of said S
stages of said distribution network, said packet is routed through said node to either a switch link or a chute
link to a node of a second of said S stages where if the packet is received on a chute link it is transmitted to
the respective output link and if the packet is received on a switch link said packet can either be routed to a
switch link or a chute link to a subsequent node in a subsequent stage of the S stage where the choices of
the previous stage are repeated until the last stage of the S stages is reached, said packet is subsequently
routed to the output packet module that is connected to the output line to which the packet is meant to be
delivered.

2. An arrangement in accordance with claim 1 wherein the number of said plurality of chute connection means of

said each node of said interior {S-2} node stages is Xm/n, where m/n is a positive integer.

3. An arrangement in accordance with claim 1 wherein all of said plurality of chute connection means of said each
node of said interior {S-2} node stages are connected via chute links to only one node of the following node stage.

4. An arrangement in accordance with claim 1 wherein said selected chute connection means is adapted to be se-

lected based on the absence of a packet on the preceding stage chute link.

5. An arrangement in accordance with claim 1 wherein said transferring means is adapted to respond to destination
information included in said packet being received on a switch link.

6. An arrangement in accordance with claim 1 wherein said transferring means is adapted to transfer said packet
being received on a switch link unless packets are present on all of the preceding stage chute links connected to
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said plurality of chute connection means of said each node of said interior {S-2} node stages.
An arrangement in accordance with claim 1 wherein

the X x Y switching means of each node of the first of said S node stages is adapted to receive packets from
X of said input ports and selectively transmit packets on Y switch links,
said each node of said first of said S node stages comprises

a plurality of chute connection means each connected to only one chute link of the following link stage,
for transmitting a packet onto the following stage chute link, and

means for transferring a packet, being received from one of said X input ports by said X x Y switching
means of said each node of said first of said S node stages, to any selected one of said plurality of chute
connection means of said each node of said first of said S node stages for transmission on the following
stage chute link, and

each node of the last of said S node stages comprises

means for receiving packets on X switch links,

a plurality of chute connection means each connected to only one chute link of the preceding link stage
and to only one of said M intermediate ports, for transmitting a packet, being received from the preceding
stage chute link, to said one intermediate port, and

means for transferring a packet, being received on a switch link by said receiving means, to any selected
one of said plurality of chute connection means of said each node of said last of said S node stages for
transmission to said one intermediate port.

An arrangement in accordance with claim 7 wherein said receiving means is adapted to discard a packet being
received on a switch link by said receiving means but not being transferred by said transferring means of said
each node of the last of said S node stages.

An arrangement in accordance with claim 7 where no packets are discarded by any nodes of the first {S-1} of said
S node stages.

An arrangement in accordance with claim 1 wherein said distribution network comprises a plurality of partitions
each associated with a distinct one of said output packet switching modules and each comprising

all of the chute links of said network leading to the associated output packet switching module and all of the
nodes of said network interconnected by said all of the chute links.

An arrangement in accordance with claim 10 wherein said each partition comprises
a plurality of nodes in each of said S node stages.

An arrangement in accordance with claim 10 wherein said each partition comprises
n/X nodes in each of said S node stages.

An arrangement in accordance with claim 10 wherein said {S-1} link stages comprise global link stages having
inter-partition switch links and local link stages having no inter-partition switch links, the nodes of the first {S-1} of
said S node stages comprise global nodes preceding global link stages and local nodes preceding local link stages,
and global nodes route packets in accordance with a first routing method, and local nodes route packets in ac-
cordance with a second routing method.

An arrangement in accordance with claim 1 wherein each of said chute connection means comprises a FET-SEED
circuit.

Patentanspriiche

1.

Paketvermittlungsanordnung (10) mit L Eingangsports, M Zwischenports und N Ausgangsports, wobei L, M und
N positive ganze Zahlen gréR3er als zwei sind, wobei die Anordnung folgendes umfalfit: ein Verteilernetz (23) zum
Vermitteln von Paketen von den L Eingangsports zu den M Zwischenports, ohne volle empfangene Pakete zu
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speichern, N/n Ausgangspaketvermittlungsmodule (25-28), wobei n die Anzahl von Ausgangssignalen aus jedem
Ausgangspaketvermittiungsmodul ist und N/n positive ganze Zahlen mit N>n>1 sind, wobei jedes der Ausgangs-
paketmodule ein Mittel zum Vermitteln von Paketen von einer verschiedenen Gruppe von m der Zwischenports
zu einer verschiedenen Gruppe von n der Ausgangsports, wobei m eine positive ganze Zahlen mit m>n ist, und
ein Mittel zum Speichern voller empfangener Pakete aufweist; wobei das Verteilernetz S Stufen (Knotenstufe 0
bis Knotenstufe 6) von Knoten (30) aufweist, dadurch gekennzeichnet, daf

jeder der Knoten einen Puffer (41, 42) aufweist, der so ausgelegt ist, dald er nur einen Teil jedes vollen emp-
fangenen Pakets speichert, um Wegelenkinformationen fir dieses Paket zu lesen, wahrend dieses Paket
durchlauft, wobei jeder Knoten mindestens der ersten {S-1} der Knotenstufen ein X X Y-Vermittlungsmittel
(44, 45) umfaldt, wobei S, X und Y positive ganze Zahlen mit S>3, X>1 und Y>1 sind, und durch

{S-1} Streckenstufen (Streckenstufe 0 bis Streckenstufe 5), die aufeinanderfolgende der S Knotenstufen ver-
binden, wobei jede Streckenstufe Chute-Strecken und Vermittlungsstrecken umfafit,

wobei das X X Y-Vermittlungsmittel jedes Knoten der inneren {S-2} der S Knotenstufen so ausgelegt ist, dafl3
es Pakete auf X Vermittlungsstrecken empfangt und selektiv Pakete auf Y Vermittlungsstrecken sendet, und

jeder Knoten der inneren {S-2} Knotenstufen folgendes umfaft:

mehrere jeweils nur mit einer Chute-Strecke der vorherigen Streckenstufe und nur mit einer Chute-Strecke
der folgenden Streckenstufe verbundene Chute-Verbindungsmittel (51 und 56) zum Senden eines Pakets,
das aus der Chute-Strecke der vorherigen Stufe empfangen wird, auf die Chute-Strecke der folgenden
Stufe, und

ein Mittel zum Transferieren eines Pakets (46), das von dem X X Y-Vermittlungsmittel jedes der Knoten
der inneren {S-2} Knotenstufen empfangen wird, zu einem beliebigen gewahlten der mehreren Chute-
Verbindungsmittel, zur Ubertragung auf der Chute-Strecke der folgenden Stufe,

wodurch ein auf einem beliebigen der L Eingdnge der Anordnung eingegebenes Paket in einen Knoten einer
ersten Stufe der S Stufen des Verteilernetzes eingegeben wird, das Paket durch den Knoten entweder zu
einer Vermittlungsstrecke oder zu einer Chute-Strecke zu einem Knoten einer zweiten der S Stufen gelenkt
wird, wobei, wenn das Paket auf einer Chute-Strecke empfangen wird, es zu der jeweiligen Ausgangsstrecke
gesendet wird, und, wenn das Paket auf einer Chute-Strecke empfangen wird, das Paket entweder zu einer
Vermittlungsstrecke oder zu einer Chute-Strecke zu einem nachfolgenden Knoten in einer nachfolgenden
Stufe der S Stufen gelenkt werden kann, wobei die Wahlen der vorherigen Stufe wiederholt werden, bis die
letzte Stufe der S Stufen erreicht ist, und das Paket nachfolgend zu dem Ausgangspaketmodul gelenkt wird,
das mit der Ausgangsleitung verbunden ist, an die das Paket geliefert werden soll.

Anordnung nach Anspruch 1, wobei die Anzahl der mehreren Chute-Verbindungsmittel jedes der Knoten der in-
neren {S-2} Knotenstufen Xm/n betragt, wobei m/n eine positive ganze Zahl ist.

Anordnung nach Anspruch 1, wobei alle der mehreren Chute-Verbindungsmittel jedes der Knoten der inneren {S-
2} Knotenstufen tber Chute-Strecken nur mit einem Knoten der folgenden Knotenstufe verbunden sind.

Anordnung nach Anspruch 1, wobei das gewahlte Chute-Verbindungsmittel so ausgelegtist, dal es auf der Grund-
lage der Abwesenheit eines Pakets auf der Chute-Strecke der vorherigen Stufe gewahlt wird.

Anordnung nach Anspruch 1, wobei das Transferiermittel so ausgelegt ist, daR® es auf Zielinformationen reagiert,
die in dem auf der Vermittlungsstrecke empfangenen Paket enthalten sind.

Anordnung nach Anspruch 1, wobei das Transferiermittel so ausgelegt ist, daf} es das auf der Vermittlungsstrecke
empfangene Paket transferiert, solange nicht auf allen Chute-Strecken der vorherigen Stufe, die mit den mehreren
Chute-Verbindungsmitteln jedes der Knoten der inneren {S-2} Knotenstufen verbunden sind, Pakete vorliegen.

Anordnung nach Anspruch 1, wobei das X X Y-Vermittlungsmittel jedes Knotens der ersten der S Knotenstufen

so ausgelegt ist, dafl es Pakete von X der Eingangsports empfangt und selektiv Pakete auf Y Vermittlungsstrecken
sendet,
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wobei jeder Knoten der ersten der S Knotenstufen folgendes umfaft:

mehrere jeweils nur mit einer Chute-Strecke der folgenden Streckenstufe verbundene Chute-Verbin-
dungsmittel zum Senden eines Pakets auf die Chute-Strecke der folgenden Stufe und

ein Mittel zum Transferieren eines Pakets, das durch das X X Y-Vermittlungsmittel jedes der Knoten der
ersten der S Knotenstufen von einem der X Eingangsports empfangen wird, zu einem beliebigen gewahl-
ten der mehreren Chute-Verbindungsmittel jedes der Knoten der ersten der S Knotenstufen, zur Ubertra-
gung auf der Chute-Strecke der folgenden Stufe, und

wobei jeder Knoten der letzten der S Knotenstufen folgendes umfalfit:
ein Mittel zum Empfangen von Paketen auf X Vermittlungsstrecken,

mehrere jeweils nur mit einer Chute-Strecke der vorherigen Streckenstufe und nur mit einem der M Zwi-
schenports verbundene Chute-Verbindungsmittel zum Senden eines Pakets, das aus der Chute-Strecke
der vorherigen Stufe empfangen wird, zu dem Zwischenport, und

ein Mittel zum Transferieren eines durch das Empfangsmittel auf einer Vermittlungsstrecke empfangenen
Pakets zu einem beliebigen gewahlten der mehreren Chute-Verbindungsmittel jedes der Knoten der letz-
ten der S Knotenstufen zur Ubertragung zu dem einen Zwischenport.

Anordnung nach Anspruch 7, wobei das Empfangsmittel so ausgelegt ist, da es ein Paket, das durch das Emp-
fangsmittel auf einer Vermittlungsstrecke empfangen, aber nicht durch das Transferiermittel jedes der Knoten der
letzten der S Knotenstufen transferiert wird, verwirft.

Anordnung nach Anspruch 7, wobei keine Knoten der ersten {S-1} der S Knotenstufen Pakete verwerfen.

Anordnung nach Anspruch 1, wobei das Verteilernetz mehrere Unterteilungen umfaft, die jeweils einem verschie-
denen der Ausgangspaketvermittiungsmodule zugeordnet sind und jeweils folgendes umfassen:

alle Chute-Strecken des Netzes, die zu dem zugeordneten Ausgangspaketvermittiungsmodul fiihren, und alle
Knoten des Netzes, die durch alle diese Chute-Strecken verbunden werden.

Anordnung nach Anspruch 10, wobei jede der Unterteilungen folgendes umfalfit:
mehrere Knoten in jeder der S Knotenstufen.

Anordnung nach Anspruch 10, wobei jede der Unterteilungen folgendes umfaft:
n/X Knoten in jeder der S Knotenstufen.

Anordnung nach Anspruch 10, wobei die (S-1) Knotenstufen globale Streckenstufen mit Vermittlungsstrecken zwi-
schen Unterteilungen und lokale Streckenstufen ohne Vermittlungsstrecken zwischen Unterteilungen umfassen,
die Knoten der ersten {S-1} der S Knotenstufen globale Knoten, die globalen Streckenstufen vorausgehen, und
lokale Knoten, die lokalen Streckenstufen vorausgehen, umfassen und globale Knoten Pakete gemaR einem er-
sten Lenkverfahren lenken und lokale Knoten Pakete gemaR einem zweiten Lenkverfahren lenken.

Anordnung nach Anspruch 1, wobei jedes der Chute-Verbindungsmittel eine FET-SEED-Schaltung umfaft.

Revendications

Agencement de commutation de paquets (10) ayant L ports d'entrée de réseau, M ports intermédiaires et N ports
de sortie, ou L, M et N sont des nombres entiers positifs supérieurs a deux, ledit agencement comprenant un
réseau de distribution (23) pour commuter des paquets depuis lesdits L ports d'entrée vers lesdits M ports inter-
médiaires sans stocker des paquets regus complets, N/n modules de commutation de paquets de sortie (25 a 28),
ou n, le nombre de sorties de chaque module de commutation de paquets de sortie, et N/n sont des nhombres
entiers positifs avec N>n>1, chacun desdits modules de paquets de sortie ayant des moyens pour commuter des
paquets depuis un groupe distinct de m desdits ports intermédiaires vers un groupe distinct de n desdits ports de
sortie, ou m est un nombre entier positif avec m>n, et des moyens pour stocker des paquets recus complets ; ledit
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réseau de distribution ayant S étages (étage de noeuds 0 a étage de noeuds 6) de noeuds (30), caractérisé par

chacun desdits noeuds ayant un tampon (41, 42) adapté pour stocker uniquement une partie de chaque paquet
recu complet afin de lire des informations d'acheminement pour ce paquet lorsque ce paquet passe a travers
le tampon, chaque noeud d'au moins le premier {S-1} desdits étages de noeuds comprenant un moyen de
commutation X x Y, (44, 45) ou S, X et Y sont des nombres entiers positifs avec S>3, X>1 et Y>1, et

{S-1} étages de liaisons optiques (étage de liaisons 0 a étage de liaisons 5) interconnectant des étages suc-
cessifs desdits S étages de noeuds, chaque étage de liaisons comprenant des liaisons de goulotte et des
liaisons de commutation,

dans lequel le moyen de commutation X x Y de chaque noeud des {S-2} noeuds intérieurs desdits S étages
de noeuds est adapté pour recevoir des paquets sur X liaisons de commutation et transmettre sélectivement
des paquets sur Y liaisons de commutation, et

chaque dit noeud des {S-2} étages de noeuds intérieurs comprend

une pluralité de moyens de connexion de goulotte (51 et 56) connectés chacun a une seule liaison de
goulotte de I'étage de liaisons précédent et a une seule liaison de goulotte de I'étage de liaisons suivant,
pour transmettre un paquet, regu depuis ladite liaison de goulotte de I'étage précédent, sur ladite liaison
de goulotte de I'étage suivant, et

un moyen pour transférer un paquet (46), recu sur une liaison de commutation par le moyen de commu-
tation X x Y de chaque dit noeud desdits {S-2} étages de noeuds intérieurs, a I'un quelconque sélectionné
de ladite pluralité de moyens de connexion de goulotte en vue de sa transmission sur la liaison de goulotte
de I'étage suivant,

par lequel une entrée de paquets sur l'une quelconque des L entrées de I'agencement est entrée dans un
noeud d'un premier étage desdits S étages dudit réseau de distribution, ledit paquet est acheminé a travers
ledit noeud vers soit une liaison de commutation, soit une liaison de goulotte vers un noeud d'un deuxiéme
desdits S étages ou si le paquet est regu sur une liaison de goulotte il est transmis a la liaison de sortie
respective et si le paquet est regu sur une liaison de commutation, ledit paquet peut étre acheminé soit vers
une liaison de commutation, soit vers une liaison de goulotte vers un noeud suivant dans un étage suivant
des S étages ou les choix de I'étage précédent sont répétés jusqu'a ce que le dernier étage des S étages soit
atteint, ledit paquet est ultérieurement acheminé vers le module de paquets de sortie qui est connecté a la
ligne de sortie a laquelle le paquet est censé étre livré.

Agencement selon la revendication 1, dans lequel le nombre de ladite pluralité de moyens de connexion de goulotte
de chaque dit noeud desdits {S-2} étages de noeuds intérieurs est Xm/n, ou m/n est un nombre entier positif.

Réseau selon la revendication 1, dans lequel toute ladite pluralité de moyens de connexion de goulotte de chaque
dit noeud desdits {S-2} étages de noeuds intérieurs est connectée par l'intermédiaire de liaisons de goulotte a un
seul noeud de I'étage de noeuds suivant.

Agencement selon la revendication 1, dans lequel ledit moyen de connexion de goulotte sélectionné est adapté
de maniére a étre sélectionné en fonction de I'absence d'un paquet sur la liaison de goulotte de I'étage précédent.

Agencement selon la revendication 1, dans lequel ledit moyen de transfert est adapté en vue de répondre a des
informations de destination incluses dans ledit paquet regu sur une liaison de commutation.

Agencement selon la revendication 1, dans lequel ledit moyen de transfert est adapté pour transférer ledit paquet
recu sur une liaison de commutation a moins que des paquets ne soient présents sur toutes les liaisons de goulottes
de I'étage précédent connectées a ladite pluralité de moyens de connexion de goulotte de chaque dit noeud desdits
{S-2} étages de noeuds intérieurs.

Agencement selon la revendication 1, dans lequel
le moyen de commutation X x Y de chaque noeud du premier desdits S étages de noeuds est adapté pour
recevoir des paquets a partir de X desdits ports d'entrée et transmettre sélectivement des paquets sur Y

liaisons de commutation,
chaque dit noeud dudit premier desdits S étages de noeuds comprend
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une pluralité de moyens de connexion de goulotte connectés chacun a une seule liaison de goulotte de
I'étage de liaisons suivant, pour transmettre un paquet sur la liaison de goulotte de I'étage suivant, et
un moyen adapté pour transférer un paquet, regu a partir de I'un desdits X ports d'entrée par ledit moyen
de commutation X x Y de chaque dit noeud dudit premier desdits S étages de noeuds, vers un moyen
quelconque sélectionné de ladite pluralité de moyens de connexion de goulotte de chaque dit noeud dudit
premier desdits S étages de noeuds en vue de sa transmission sur la liaison de goulotte de I'étage suivant,
et

chaque noeud du dernier desdits S étages de noeuds comprend

un moyen pour recevoir des paquets sur X liaisons de commutation,

une pluralité de moyens de connexion de goulotte connectés chacun a une seule liaison de goulotte de I'étage
de liaisons précédent et a un seul desdits M ports intermédiaires, pour transmettre un paquet, regu de la liaison
de goulotte de I'étage précédent, audit un port intermédiaire, et

un moyen pour transférer un paquet, recu sur une liaison de commutation par ledit moyen de réception, vers
un moyen quelconque sélectionné de ladite pluralité de moyens de connexion de goulotte de chaque dit noeud
dudit dernier desdits S étages de noeuds en vue de sa transmission audit un port intermédiaire.

Agencement selon la revendication 7, dans lequel ledit moyen de réception est adapté pour rejeter un paquet recu
sur une liaison de commutation par ledit moyen de réception mais non transféré par ledit moyen de transfert de
chaque dit noeud du dernier desdits S étages de noeuds.

Agencement selon la revendication 7, dans lequel aucun paquet n'est rejeté par aucun noeud dudit premier {S-1}
desdits S étages de noeuds.

Agencement selon la revendication 1, dans lequel le réseau de distribution comprend une pluralité de divisions
associées chacune a un module distinct desdits modules de commutation de paquets de sortie et comprenant
chacune

toutes les liaisons de goulotte dudit réseau conduisant au module de commutation de paquets de sortie
associé et tous les noeuds dudit réseau interconnectés par toutes lesdites liaisons de goulotte.

Agencement selon la revendication 10, dans lequel chaque dite division comprend
une pluralité de noeuds dans chacun desdits S étages de noeuds.

Agencement selon la revendication 10, dans lequel chaque dite division comprend
n/X noeuds dans chacun desdits S étages de noeuds.

Agencement selon la revendication 10, dans lequel lesdits {S-1} étages de liaisons comprennent des étages de
liaisons globales ayant des liaisons de commutation inter-divisions et des étages de liaisons locales n'ayant pas
de liaisons de commutation inter-divisions, les noeuds du premier {S-1} desdits S étages de noeuds comprennent
des noeuds globaux précédent des étages de liaisons globales et des noeuds locaux précédent des étages de
liaisons locales, et les noeuds globaux acheminent des paquets conformément a un premier procédé d'achemi-
nement, et les noeuds locaux acheminent les paquets conformément a un deuxiéme procédé d'acheminement.

Réseau selon la revendication 1, dans lequel chacun desdits moyens de connexion de goulotte comprend un
circuit FET-SEED.
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